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The potential of artificial aging for modelling of natural aging processes of ballpoint ink

Abstract

Artificial aging has been used to reproduce natagihg processes in an accelerated pace. Questioned
documents were exposed to light or high temperatugewell-defined manner in order to simulate reréased
age. This may be used to study the aging processesdate documents by reproducing their agingeumk
was studied especially because it is depositecherpaper when a document, such as a contractodsiped.
Once on the paper, aging processes start througjiadkgion of dyes, solvents drying and resins pelysation.
Modelling of dye’s and solvent’s aging was attendpt€hese processes, however, follow complex pathway
influenced by many factors which can be classifisdthree major groups: ink composition, paper tgpé
storage conditions. The influence of these factsrsuch that different aging states can be obtafbedan
identical point in time. Storage conditions in partar are difficult to simulate, as they are degemt on
environmental conditions (e.g. intensity and do$dight, temperature, air flow, humidity) and cartnoe
controlled in the natural aging of questioned doents. The problem therefore lies more in the varadt
different conditions a questioned document mightekposed to during its natural aging, rather tharhie
simulation of such conditions in the laboratory.

Nevertheless, a precise modelling of natural agimyes based on artificial aging curves is obtainwden
performed on the same paper and ink. A standardeimfod aging processes of ink on paper is therefore
presented that is based on a fit of aging curvesgower law of solvent concentrations as a funatibtime. A
mathematical transformation of artificial aging wes into modelled natural aging curves resultsxcekent

overlap with data from real natural aging processes

Keywords: artificial aging, accelerated aging, heat, lidgigllpoint, inks, dyes, solvents
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1. Introduction

Inks start to age once deposited on the papercaurfdpon aging, the ink stroke dries through sdiVess,
fades through dye degradation and hardens thrasgjh polymerisation. Document examiners have bagiyh
interested to study these phenomena, because #séility of dating documents by age determinatiowuld
greatly help in the investigation of backdatingufiia [Brunelle and Cantu, 1987; Stewart and Guel®91;
Brunelle and Lee, 1992; Aginsky, 1993; Cantu, 19%&ntu, 1996].

The main problem arising in the attempt of deteingjrthe age of an ink is the dependence of agingtids
on many factors generally unavailable to the ingesbr, such as the storage conditions of the ¢uresd
document, the type of paper substrate and thealirddmposition of the ink [Weyermann, 2005]. Foeda
reasons it has been long considered that the efipble way of dating a document was to compare itwo
entries from the same pen on the same paper aratisinder the same conditions (e.g. a diary orbroati) in
order to determine which one was older [Cantu awwaigh, 1987]. Considering that in all other casdsting is
difficult or even impossible, Cantu [1988] firstgposed a dating method based on artificial agimgoaess in
which the ink stroke is exposed to conditions (sashlight, heat, humidity) accelerating the norraging
process. It is assumed that these procedures sah i an aging curve when an ink entry is analykefore
and after being artificially aged. Accelerated agias first addressed in the literature, due taceors raised
by the court about the possibility of manufacturamtjficially aged documents to make them look olthean
they are [Osborn, 1910; Stewart, 1982; Cantu, 19B&fer the utilisation of this approach has beedely
studied and discussed for the purpose of datingtopmeed documents [Brunelle, 1992; Lyter, 1994; gy,
1996; Stewart and Fortunato, 1996; Aginsky, 1998inBlle and Speckin, 1998; Grim et al., 2002; Wain
et al., 2006].

The above mentioned literature highlights strongadieements within the scientific community abd t
usefulness of artificial aging. While Aginksy [199#996] and Brunelle [1995] routinely used datingthods
based on artificial aging in caseworks, Lyter [198dmonstratedthe unreliability and possible misleading of
this technique”.Moreover Stewart and Fortunato [1996gduested more data regarding the number of inks
tested, the reasoning for the temperature, humidityl time choices as well as the limitations of the
conclusion” before routine utilisation of the accelerated ggechnique and stated thdt & technique can be
shown to be scientifically sound then the nextdalgstep would be the conduct of independent vadida

studies at different laboratoriesMargot et al. [1995] and Aginsky [1996] also agteon the fact thattere is
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a serious need for outside proficiency testingufent ink dating methods"However until today, no report of
inter-laboratory validation was officially publisti@nd the questions stay open [Weyermann et &7 2D

It is now widely accepted that the dating methodsédl on artificial aging and sequential extractbdyes
proved to be unreliable [Hicks Champod et al., 299%insky, 1998; Andermann and Neri, 1998; Jahf§42
after having been applied in several forensic casdies [Brunelle, 1998]. However methods basedrtficial

aging and sequential extraction gblvents are still routinely used by several laboratoriesthe USA and

Europe [Aginsky, 1998; Bugler, 2005] without havibgen submitted to proper validation and proficienc
testing.

Therefore the controversy on the subject of docundating and artificial aging is still going on atige
document examiners community could strongly berfegdih further research and thoughts about the stibjie
artificial aging of inks on documents. For examphes adequacy of light or heat to mimic naturahggdf inks
has not yet been clearly demonstrated. Heatin@@tQ was first proposed by Cantu [1988], howevemaky
recommended the heating of the ink samples at mtelégmperature (60-80°C) in order to avoid demaguof
the sample [Aginksy, 1994]. UV light was also preed to accelerate the fading of dyes [Grim et24Q2;
Weyermann et al., 2006]. The aim of this studyoi®valuate the potential of artificial aging to rebdatural
aging of ballpoint inks in order to point out theogpects and limitations of such models for thendabf

guestioned documents.

2. Methods and Materials

2.1. Materials

Solvents (deionised water, ethanol, acetone, dichiethane) were purchased from Merck (Darmstadt,
Germany). Reference substances used were the pereBd4 (basic violet 4) and the pure solvents E
(ethoxyethoxyethanol) and D (dipropylene glycolyghased from Sigma-Aldrich (Steinheim, Germany) Bnd
(phenoxyethanol) purchased from Riedel-de-Haénl{8e€&ermany). Extraction was made ing0nirco glass
insert, held in 1.5 ml short amber threaded gléals $WWR, Darmstadt, Germany) with 1,3 — Benzodiex—
methanol as internal standard (Sigma-Aldrich, $teiim, Germany). The flasks were locked with scrifieome
caps coated with PTFE. A standard {l(Hamilton syringe (Bonduz, Switzerland) was used the injection

into the GC. Blue BI€ (Cristal™ medium blue, France) and blue Pafkeallpoint entries (medium blue,
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England) were made on a multifunction bright-whit&od and chlorine free paper from Igepa Plus (86%g

DINA4, nr. 806 A 80, Reinbeck, Germany).

2.2. Aging treatments

2.2.1. Natural Aging

Two batches of ballpoint ink entries were drawnrgveonth on paper with the help of a ruler with &8
and a Parker blue ballpoint pen during three ydansries were about 0.5 mm wide and 50 mm longsliFre
ballpoint pen entries were held in the laboratay donstant temperature), while older strokes (otdan a
month) were kept in an office (no air conditioninty) the office, one batch was stored in darknass drawer
and the other was exposed to daylight by beingclagidh to an outside window facing north-west. Bdta t
reference and the sample were kept in the same vduoh was located in the ground floor. The windewas
an iplus neutral R (Interpane Gmbh & Co) with tda@at glass panels (the inside panel was coated. dfethe
incident light, but only 13% of the UV between 320400 nm were transmitted through the double pahles
heat transmission coefficient has a value of 1.th% The photon flux through the window per unit offace
was measured with two silicon photodiode from Whit@etector Technology, the first one (PIN-10DFP)
producing a flat spectral response of 1.5 A/W betw&00 to 1000 nm, and the second one (UDT-UV100, U
enhanced) offering spectral response between 20@0@6nm. The first of these detectors was useddasnre
visible light. The second detector was used to mreablV light with a solar blind filter SB-300-F fmo Laser
Components GmbH used to cut off the visible ligiharismission of 40 % between 220 and 360 nm). The
relative numbers of photons per surface area and tinit were continuously measured in volts afteing
amplified by a factor of 0V/A for the visible range, and of 1&/A for the UV range, and then recorded with
a high performance multifunctional PCI Adapter (FOD2L) with 32 SE/16D Analog Inputs, 12-bit ADCLA
kHz, 16 DI, 16 DO and a timer from IPC2U (IndudtR&rsonal Computer 2U GmbH, Langenhagen, Germany).
The same card was used to record the temperatuiehamidity measured with two universal thermo-
hygrometer modules UTH 100 (EL\Elektronik AG, Leer, Germany). The data were tpencessed using a

program written by Alfons Hester (Analytical Chetmys JLU Giessen, Germany).

2.2.2. Artificial Aging

Parker ballpoint strokes on paper were stored imam at 60°C (for solvent drying), while Bi®allpoint

strokes on paper were stored in an oven at 100®xmosed to xenon light during 50 hours (for dydirfg). A
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reference sample was held in a dark box. LDl meamants were carried out every 5 hours. A Heraees ov
(220 V, 52 A, 50 Hz, 1.14 kW) at a temperature @9°C was used to heat the samples. To expose Itiygesto
light, a xenon high-pressure lamp (Leitz GmbH, WatzGermany, 220/240 V, 50 Hz, XBO/CSX 450 W) was
chosen, because the xenon lamp irradiance covemsntire wavelength range from 250 nm to more @00

nm with high fluence. Samples were positioned 17agvay from the light source.

2.3. Analysis

2.3.1. LDI-TOF-MS (dye degradation analysis)

Mass analyses of the chemical degradation of the gyes and of ink entries on paper were condumted
home-built Laser Desorption lonization (LDI) Reflec Time-of-fight (TOF) mass spectrometer (MS)
[Chaurand et al., 1999]. Desorption / ionisatiorsveegrformed with a pulsed nitrogen laser (337nns, 3120
pm focus diameter). Delayed extraction was employethe positive ion mode (allowing the analysis of
cationic dyes). Mass spectra were recorded by giregd 00 individual laser pulse spectra and thécalpnass
resolving power MAM was between 3000 and 6000. The laser irradiare® negulated with an attenuator
between the laser and the sample, allowing to fived operative threshold irradiance at which a samyas
desorbed and ionised adequately [Weyermann e€2G06]. Degradation measurements were averaged4rmm
6 summed spectra acquired along 2-3 strokes fdr painit of a given aging curve. To perform analysisthe
paper, small pieces of 5 x 8 mm with 2-3 strokesilng on the long side, were cut, glued with a ocartape to
a metallic sample holder and introduced into the R&er blanks were also performed to ensure thatgmal

from the substrate was interfering.

2.3.2. GC/MS (solvent drying analysis)

Analyses of the solvents were made on a Gas Chogragth / Mass Spectrometer (GC/MS) MAT 4500 from
Finnigan MAT GmbH, Bremen (now Thermo Fisher SdfenGmbH, Bremen). The instrument was equipped
with the data acquisition software MASPEC Data &yst(MSS - Mass Spectrometry Services Ldt.,
Manchester, England). Separation was carried oua @P-Sil 8 CB low bleed / MS capillary column from
Varian (Chrompack, Middleburg, Netherlands). Thiigmm was 60 m long and had an internal diameté€x.26
mm and film thickness of 0.25 pm. The chromatogm@@hution was temperature programmed as follows:
isothermal at 50°C for 6 min, then from 50 to 30GfCG rate of 10°C/min, and finally istothermaB&0°C for

5 min. The carrier gas was helium (Messer Griesh@mbH, Frankfurt, Germany) with a constant flow of
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~3ml/min (at 30 psi). For the chromatographic saflan, a solvent delay of 300s was chosen. To ingro
sensitivity, the sample was injected in the sg#ilenode and the injector temperature was maintah2d0°C,
which was sufficient to volatise all the substanoésnterest. The interface temperature was s&5@°C to
avoid recondensation. The MS part of the GC/MS avagghly sensitive quadrupole instrument with a sras
charge range up to 1000 u. lons were formed byreleimpact (El), with a fixed electron energy & &V. The
temperature of the ionisation block was kept at’C2@or qualitative analysis, the instrument wasdum the
SCAN or TIC (Total lon Current monitoring) mode. 84&s were scanned in the quadrupole from m/z 88@o
u at a sweep time of 0.95s. To ensure better gatiwé accuracy, the SIM (Selected lon Monitoring)de was
employed, due to its higher sensitivity. This alemMower quantities of solvents to be detected guahtified
than in the TIC mode. For the purpose of the intehanalysis, 15 particular ions were selected aowitored,
corresponding to the masses: 45, 59, 65, 72, 7589,793, 94, 103, 104, 135, 138, 152 and 182 es&ton
signals correspond to the four solvents found i@ thosen ballpoint pen and the internal standahe T
identification of the eluting substances was cdroet in earlier studies [Weyermann et al., 200Ba|lipoint
pen entries of about 1cm were cut in 10 x 2 mmarggles from the paper sheet and placed in a snalMhe
solvents were extracted during 10 minutes in armadonic bath in 10ul dichloromethane with an ingéér
standard concentration of 0.0227 mg/ml. AlZliquot from the extraction mixture was then oigd splitless
on the GC column. Pieces of paper of identical disiens were cut and extraction was carried oubfahg the

same procedure.

3. Results

3.1. Dye Fading

When dyes fade, they undergo a photochemical wradtiat begins with the absorption of visible or
ultraviolet light. Absorption of a photon by an argc molecule leads to formation of an electromycekcited
state that is the starting point for subsequentti@a steps. Photochemical reactions are influertmgdhe
concentration of the reactants, the reaction medthmtemperature, the wavelength and intensittheflight
[Klessinger and Michl, 1989]. Theses observatiorsenalso made for ink fading reactions [WeyermaQ5;

Weyermann et al., 2006]. The degradation of trragthane dyes, such as Basic Violet 3 (BV3; m/z 2 37
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g/mol) and Basic Violet 4 (BV4; m/z = 456 g/mol)asvcharacterised in a previous work by LDI-MS ugimeg

relative peak area of the dye [Weyermann et aD6P@lefined as

RPA:i Eq. 1

where A is the area of the signal at m/z = i ang & the total area of all the signals (molecular amd related
degradation products) of a particular dye. Witls tihéfinition it is possible to define a given RRér each dye
of a given ballpoint ink [Weyermann et al, 200A&hich is mass invariant (i.e. value does not depamdhe

amount of ink sampled). The RPA values decreaseieink ages.

3.1.1. Natural Aging of dyes

While some ink entries were stored in the darkruthree years, other entries were exposed toglayior
periods of up to three years during the winter sunchmer seasons. The LDI-MS measurements from thef se
entries stored in the dark were compared to thesarements of three sets of entries exposed toghayvinter
2002, summer 2002, and summer 2004). As expecggpiadation of the dyes occurred within a shortaetin
the spring-summer period where daily exposuredit lwas longer (Figure 1). For measurements stamtéue
summer 2002, the degradation levelled off after d@@s. Measurements started in the summer 2004eshow
the strongest degradation, as levelling off ocauaéter 50 days. In autumn and winter, the exposurieght
was shorter and degradation had not yet reachieditant value after six months [Weyermann et ai0&]. No

degradation occurred within three years of storadbe dark, demonstrating the strong influencégit on the

aging.
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Figure 1 - Seasonal and storage condition influence oarabaging of a blue BI€ballpoint ink containing BV4. One

document was stored in a dark cupboard for aboeetiears and showed no fading of BV4. The others we
exposed to daylight in three different periodsiofet In winter 2002 the aging was the least procedn

while in summer 2004 it was the strongest.

Photodiodes measuring visible-light and UV-lightrevéixed to the window for permanent measuremehts o
the incident light impinging on the ink entries ¢helgainst the window. The power of the incidegitiper
surface area was determined with two photodioddéagreadings in volts. These values are readihweoted

as follows to obtain values for the irradiance mtper m :

photodiodereadindV]

— — 57 = power per surface area  [W/nf]
amplificaton[V / Al * responsiuviy] A/W] * ared m-]

It thus was possible to measure the power of thalémt light per unit surface area as a functionioe
(Figure 2). In summer, the evening sun reachingaimelow caused an increase in irradiance towardetiteof
the day, which was not observed when clouds magiiedun. During spring and winter, the days werteh
and the amount of light measured was lower, pddityin winter as direct sunshine reached the winanly
after 5 p.m.. The weather was often foggy and raimyng this season, while summer days were oftemy
Therefore, very different number of photons reactiedwindow depending on season and weather. U\t lig

irradiance coming through the window was about 1ies lower than that of visible light (because UV
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transmission was reduced by the window glass). dlftained values supported the hypothesis that amgiteg

was dependent on the amount of light reaching thdaws, but a direct correlation was not possible.

0.0005- : 5
; | ——VIsS
5 ! UV * 10°
__ 0.0004- | |
E e |
& 0.00034 i E
=3 i i
) i i
o ! :
§ 0.0002- ; :
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© : |
= 0.00014 i
0.0000 | T | : JIM\ M m : J.V\ /jx /:‘H t/ days
Summer : Spring : Winter
2-4.07.04 , 20-22.03.04 ' 11-13.01.04
Figure 2 - Comparison of daylight irradiance [W#htoming through the window during three days is fummer,

spring and winter 2004. The irradiance of the Ughti was multiplied by a factor of 100 for better
visualisation. In summer, the energy increasednduthe evening hours as a result of direct sunshine
reaching the window. On th&"4f July, clouds concealed the sun. Days are cersidy shorter in spring

and winter, hence the amount of light reachingwirelow during the day was very low.

During several summer days, temperature and humidére recorded at the window and in the cabinet
holding the ink strokes. It was observed that thEsm@meters were rather constant in the cabinate almost
no air flow occurred in it. At the window they stagly varied. On sunny days, the temperature ineckasiring
the day while the humidity decreased. On rainy d#ys humidity reached high values. Even largeratians
could be observed between summer and winter. Ligimperature and humidity strongly influenced these
natural aging experiments and would therefore atfloence the aging of a questioned document in rea
caseworks.

Additionally, previous work [Weyermann, 2005] derstmated the strong influence of the ink composition

the aging kinetics.
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3.1.2. Artificial Aging of dyes

Artificial aging was carried out during 50 hoursngsan oven at 100°C or a xenon lamp. A standarsl kept

in a dark box at ambient temperature during theespariod of time for comparison. The aging curvethaf

standard was flat: no change was recorded aftdrob@s (Figure 3). The corresponding curve for tiekes

exposed to a temperature of 100°C showed a sligbtadation of the dye BV4, while the curve for k&®

exposed to light of the xenon lamp exhibited astdecrease of the signal of BV4: the RRAvalue attained

30% after 50 hours. No levelling off of the degrémlaprocess was observed after a time exposus® diours.

The xenon lamp also caused a slight increase ipeesture from room temperature (22°C) to 30°C.

RPA,
8
1

A Standard

Light
Oven

10

20 30 40 50
Time / hours

Figure 3 - Artificial aging of Basic Violet 4 contained in inéntries from a BI€ ballpoint pen, induced by the

following treatments over a time of 50 hours:stiyrage in the dark at room temperature, (I) gferia an

oven 100°C, and (lll) exposure to a high- pressemor lamp. The aging curves show that heat caused

slight degradation of Basic Violet 4, while lightcha strong effect already observed after a few sour

exposure.

3.1.3. Aging Modelling for dyes

Considering how dependent the aging results werhestorage conditions, it was evident that a kEtran

or modelling of natural aging (NA) behaviour byifictal aging (AA) processes would not be able tatah all

situations. No aging was detected for samples dtorethe dark; therefore modelling was attemptetyy on

between agings upon light exposure. Modelling rlagedarge differences between the three sets afralat

aging experiments conducted in this work:
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- winter 2002: 50 hours of AA corresponds to abouil 68ys of NA

- summer 2002: 50 hours of AA corresponds to aboQtdzys of NA

- summer 2004: 50 hours of AA corresponds to abouwda8@ of NA

Moreover, the shapes of the curves for AA do natcly match all types of curves for NA (Figure Bpr

these reasons, one cannot advocate the use dfialtiiging of dyes for the purposes of dating fidm a single

entry in situations where the number and enerdgh@incident photons reaching the ink are not known

For samples stored in the dark, the experimentldhmricarried out over a much longer period of tieme

experiment made on entries from 5 ballpoint perex 4 years showed no significant degradation efiyes

they contained [Weyermann, 2005]. Natural agingyes occurs so slowly in the absence of light @t kteat

their use for the dating of documents is of a Viemted degree.

100+ 100+,
90: 90
80 80
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60 60
< 50 < 50 .
& 40 & 404 ¢
4 'Y ] Ld
304 30 °
4 o
20+ m Natural (summer 2004) ] 20 !
10 10
0 T T T T T T T T T/days 0 T T T T T 1 T/dayS
0 10 20 30 40 50 60 70 80 0 100 200 300 400 500 600
r T T T 1 - r T T T T 1
0 10 20 30 40 50 [/hours 0 10 20 20 40 50 T/hours
100~
]
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L]
< 50
e L4 - -
& 404 ® . = .
30 ¢
LA _
21 '
10-
0-h . ; ; ' T/days
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Figure 4 Attempts of modelling the natural aging (NA / dpysith artificial aging curves (AA / hours). Very

different results were obtained for the three NAeariments (winter 2001/02, summer 2002 and summer

2004) and, except for the winter of 2001/02, theletiing of NA by AA does not yield a perfect fit tie

NA curves.
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3.2. Solventsdrying

The objective of ballpoint pen manufacturers ispt@duce a fluid ink. Ink drying is a very complex
phenomenon characterized by evaporation of theeatdvin the ambient air and their simultaneous radiemn
on and diffusion into the paper. Among other thingese processes are influenced by temperatuneidhy,
air flow and the adsorption/diffusion propertiesivé paper - solvent system [Weyermann et al., Bp07

The drying of solvents was followed by their ralatiquantification in the ballpoint pen entry. Thetative
peak area (RPA) for any given substance& calculated as follows to minimize the errorejrmann et al.,

2007b]:

peak area of;S

RPA = Eq. 2

peak area of internal standard

The RPA is a measure of the quantity of solverthstroke relative to that of the internal staddae. it is

mass dependent and varies with the amount of imipkel). RPA values decrease when the ink ages.

3.2.1. Natural Aging of solvents

Natural aging of ink through solvent loss was faléal over a period of three years in the ink entaka
Parker ballpoint pen containing four solvents: gfethoxyethanol (E), dipropylene glycol (D), phegethanol
(P), and phenoxyethoxyethanol (PE). In the soldeying curves measured by GC/MS (Figure 5), thigiaca
phases might be distinguished visually, coverirg fitst few hours (0 to 3 hours), the first few d4$ to 48
hours), and the time beyond two weeks (> 336 houirs¥y, however, obvious from the double-logaritbm
representations of the same data, that solvemglioceeds uniformly and continuously, followinganmon
power law for the complete period of observatioge(Fig. 6 and 7). Above one year the quantitiéisdetiected

in the ink stroke were in the nanogram per cengmegtnge.
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Figure 5 Drying curves obtained by GC/MS for four ballpoimtients (E: ethoxyethoxyethanol, D: dipropylene

glycol, P: phenoxyethanol, PE: phenoxyethoxyethafroim Parker ballpoint pen entries. The Relative

Peak Areas (RPA) plotted as functions of time aopertional to the solvent concentration. Dryingvsiad
down considerably with time. Three stages can saglgnbe distinguished in this linear plot of deiato 3

hours, 3 to 48 hours and beyond two weeks.

The drying of the solvents E and D were compareddkrentries made by two different ballpoint pemstbe
same type of paper. The ink of the BIC ballpoiah gontained only these two solvents, while thék&gpen
additionally contained P and PE. Surprisingly, tinging rate of E is slightly higher in the BIC dtes, while
the drying of D is slightly higher in the Parkeiteggs. Also, E was no longer detected in the BI@ies after 48
days, while small quantities of E were still fouimdthe Parker ink entries after more than one YEayure 6).
Data is presented in Fig. 6 on a double logarithstiale. Parametric functions following a power lafathe
general form y = a®esult in linear curves in a double logarithmipnesentation log(y) = log(a) + b-log(x).

Evaluation of the double logarithmic fit function$ Figure 6 led to significantly different expongraf the

power law for the different solvents and inks.he fit function

RPA=al’ Eq.3
the exponent b was determined from Fig. 6 for tiffergnt compounds as listed in Tab. 1. The resstimwy

that for ethoxyethoxyethanol (E), the power lawl@se to RPA (or solvent concentration) being prapoal to

1
—, while for dipropyleneglycol (D) the behaviourdbser to RPA (or concentration) being proportioteal

t

e
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b Parker BIC

Dipropylene glycol (D) -0.36 -0.25

Ethoxyethoxyethanol (E) -0.45 -0.65

Table 1 Values of exponent b in the fit function RPA $drom fig.6.

The different drying behaviour of D and E in diffat ink compositions could mean, that either sdlven
dynamics were significantly influenced by the irdnwposition, or that undetected variations of exdefactors
(temperature, air flow, adjacent material) hadueficed the drying process. The initial compositbthe ink

should therefore also be taken into account irstady of the drying of ink.

< 01 <L
% & 0.1
0.01 0.01 4 -
‘ O.bl 0‘.1 i 1‘0 160 ldOO 10600 0I|01 011 ;I|_ 1I0 1(I)0 1(;00 10600
Time / hours Time / hours
Figure 6 Comparison of the drying of E (ethoxyethoxyetharasiyl D (dipropylene glycol) on paper from the ink

entries of two ballpoint pens BIC and Parker by GC/M8garithmic scales were used for the RPA
(Relative Peak Area of solvent) and for the timelesc&he drying rates obviously differ significantly

between the two inks, as do the exponents b gioher law.

3.2.2. Artificial Aging of solvents

Ink entries made with the Parker ballpoint pen watoged for 17 days in an oven at 60°C while penfag
guantitative GC/MS measurements at various timdisfolir solvents decreased faster at higher tempera
(Figure 7). The difference is particularly importdar solvents with high boiling point or viscositifven PE,
which diminished very slowly at room temperaturewbd a significant decrease at 60°C. Exponenthef t

power law are listed in Tab. 2.
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Figure 7 Solvent lossefrom ink entries from Parker ballpoint pen entri¢sred at 20°C and at 60°C over 17 days,
determined by GC/MS. Logarithmic scales were usedhi® RPA (Relative Peak Area of solvent) and for
the time scale. All four solvents decreased faatdrigher temperature, accompanied by higher exgene
of the power law.
b 20°C 60°C
Ethoxyethoxyethanol (E) -0.42 -0.47
Dipropylene glycol (D) -0.21 -0.44
Phenoxyethanol (P) -0.23 -0.48
Phenoxyethoxyethanol (PE) -0.065 -0.28

Table 2: Values of exponent b in the fit function RPA =der Parker ballpoint pen entries from fig. 7.
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3.2.3. Aging model for solvents

An attempt was made to model natural aging (at 2@3Cartificial aging (at 60°C). Using the fit futh@ns

derived from Fig. 7 and data as shown in Fig. %fficients a and b of the power law RPA =’aaere

determined for solvents E, D, P and PE after naaigimg and artificial aging at 60°C, respectividge Tab. 3).

Qartificial 60°C Darificial 60°c Snatural Pratural
Ethoxyethoxyethanol (E) 0.0831 -0.4749 0.6425 -0.5126
Dipropylene glycol (D) 0.2343 -0.4372 1.7095 -0.4305
Phenoxyethanol (P) 0.3587 -0.4829 2.0321 -0.3846
Phenoxyethoxyethanol (PE) 0.1312 -0.284 0.3573 -0.2074

Table 3 Values of factor a and exponent b in the fit timrt RPA = a- for artificial aging at 60°C and for

natural aging at 20°C (natural aging data are tppossented in Fig. 5).

Using these coefficients, a transformation functisetween the time of artificial agingaftca) and a

corresponding time of natural aging.{t ) Was derived according to Equation 4.

(bartificial j
bhatural

t

natural fit

b
A rificial yna‘”“’"

anatu

ral

ki

artificial

Eq. 4

The resulting correlation graphs for the differsalvents are shown in Figure 8. They can be usedifect

recalculation of artificial aging times into corpesmding natural aging times for the investigatesteys (paper,

ink composition, environmental parameters).
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Figure 8

Correlation between natural aging times (20°C) aniical aging times (60°C) as derived from data

shown in Fig. 5 and 7. Two different vertical sngk are shown in the left and the right.

The following correlations, for example were obgrfor the four solvents in the Parker ballpoirk émtries:

E:

D:

P:

PE:

10 hours at 60°C correspond to about 500 hcattgral aging at 20°C

10 hours at 60°C correspond to about 1000 hoatgral aging at 20°C

10 hours at 60°C correspond to about 1600 hmattgal aging at 20°C

10 hours at 60°C correspond to about 2900 hmatrgal aging at 20°C

The results were unexpected, inasmuch as acceleagteg was the strongest for a solvent with aemattigh

boiling point (P), and differed significantly betere solvents. The artificial aging curves resultather good

power fits to the natural aging curves, but itngerative to verify that the modelling does notrd@between

ballpoint pens having different ink compositiortsisllikely, moreover, that paper properties (esgbcsurface

and capillary structure) play a significant roleaimodulation of the drying characteristics.

Using Equation 3, RPA data from artificial aginggF7) were recalculated into modelled data forureit

aging conditions. To demonstrate the excellent rhqdelity, recalculated artificial aging data aratural aging

data (Fig. 5) are plotted into the same diagrants @.
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Figure 9  Attempt to model the natural aging (20°C) by ari#fiaging (60°C) curves for data as presenteddgn%and 7.
Artificial aging time values were recalculated framtificial aging data by transformation to natuaging time

values using Equation 3.

4. Discussion

Dye degradation proved to be more complex tharestlgirying, but both aging phenomena encountetdaimi
problems in the attempt to model their natural ggMA) by artificial aging (AA). This is due to tromplexity
of the aging processes of ballpoint inks on papbsgates [Weyermann, 2005] rather than due tdirthigation
of the artificial treatments.

Firstly aging is strongly influenced by ink compasi. The kinetics are dependent on the type ofequdkes
and their mixture. Each solvent or dye will aga aifferent pace, and for example, the additiomasence of a
pigment in an arylmethane dye mixture competegHerabsorption of photons, and as a consequenceloes
the aging. Likewise, diffusion and evaporation al/ents are dependent on their mixture.

The type of substrate has also a non-negligibleénice. Paper weight, thickness, porosity, fiblemement,
and coating all play a significant role in the agiprocesses, which are complicated by paper-inkixnat

interactions.
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Finally, aging is most strongly influenced by sgeaconditions. Aging follows different pathwaysitifis
provoked by light or heat. The kinetics will alsepggndent on the amount of light or the temperatusghich
the documents are exposed. In fact, storage conditire different from case to case, and evenwithiase. It
is very difficult to reconstruct the amount of lighnd the temperatures to which documents were sexho
because they generally vary quite much along thes da years (sunny or cloudy, warm or cold weather
duration, number of hours a lamp is turned on pa&y, gosition of the document in the office, adjacen
documents, amount of ink of the paper, movemetit@fdocument, etc.). For example, the ink entnsitg on
the document also plays a decisive role in thendryf the ink. A questioned document will most ably
carry a text with curved line from an alphabet. Egample in the letter “0”, the solvents will diffe to some
extent away from the letter and partly to inside timg. This might increase the quantities of setsdound in

such a letter compared to a straight line of tmeskength (Figure 10).

N I N

b)

Figure 10  This figure represents the diffusion of solventsrirtwo ink entries: (a) from a straight line, (b¥ide the
loops of a curved line. The solvent concentratidhlwe significantly larger in 1 cm of (b) compareml cm

of (a).

The three categories of factors (ink compositioapgy type and storage conditions) must be takem int
account in any attempt to model NA by AA. Given #ggng of a specific ink composition on a certaipet of
paper substrate stored in controlled conditions, rttodelling could provide a good simulation, esalécifor
solvents. But reproducing environmental conditianth all variables identical to real storage coiuwdis of a

guestioned document might prove to be too complarast cases.
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5. Conclusion

Artificial aging of ink on documents, carried ot &ccelerate the processes, is known to be useithries
main reasons: hiding a backdating fraud by makiregdocument look older than it really is [Stewa882],
studying the natural aging of ink by simulating feliEnt environmental conditions in a controlled way
[Weyermann, 2005; Weyermann et al., 2006], datingn& by provoking aging in order to calculate aaim
portion of aging curve [Aginsky, 1996; Brunelle,98).

The modelling of natural aging of dyes and solvértm ballpoint inks, however, proved to be verynaex,
because of the number of factors playing a rolthanaging processes, such as the initial ink coitippsthe
paper substrate and the storage conditions. Eatttesé groups of factors can be equally variediswgénerally
unknown in case investigations. These factors megsaken into account, however, for any attemgioimpare
artificial aging to natural aging. No model candameralised to all inks stored under different ¢k and on

different papers.
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