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Standard Test Method for

Assessing the Current-Voltage Cycling Stability at Room
Temperature of Absorptive Electrochromic Coatings on
Sealed Insulating Glass Units 1!

This standard is issued under the fixed designation E 2241; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope of the electrochromic windows. Results from this test cannot

1.1 The test described is a method for the accelerated agirRf used to predict the performance with time of in-service units
and monitoring of the time-dependent performance of electrolnless actual corresponding in-service tests have been con-
chromic windows (ECW). Cross sections of typical electro-ducted and appropriate analys_es have been conducted to s_how
chromic windows have three to five-layers of coatings thaf'oW performance can be predicted from the accelerated aging
include one to three active layers sandwiched between twiSts. ) . .
transparent conducting electrodes (TCEs, see Section 3). Ex-1-7 The values stated in metric (SI) units are to be regarded
amples of the cross-sectional arrangements can be found & the standard.

“Evaluation Criteria and Test Methods for Electrochromic 1.8 This standard does not purport to address all of the
Windows.” (For acronyms used in this standard, see Appendiafety concerns, if any, associated with its use. It is the
X1, section X1.1). responsibility of the user of this standard to establish appro-

1.2 The test method is applicable only for layered (one oPriate safety and hga!th practices and determine the applica-
more active coatings between the TCEs) absorptive electrdility of regulatory limitations prior to use.
chromic co_afcings on sealed insulating glass (IG) units fabri-z' Referenced Documents
cated for vision glass (superstrate and substrate) areas for use
in buildings, such as glass doors, windows, skylights, and 2:1 ASTM Standards: _
exterior wall systems. The layers used for electrochromically 2-1.1 For additional useful standards related to this stan-

changing the optical properties may be inorganic or organidard, see Appendix X1, section X1.2. _
materials between the superstrate and substrate. C 168 Terminology Relating to Building Materidls
1.3 The electrochromic coatings used in this test method C 1048 Specification for Heat-Treated Flat Glass-Kind HS,

will be subsequently exposed (see Test Methods E 2141) to Kind FT Coated and Uncoated Gléss
solar radiation and deployed to control the amount of radiation € 1199 Test Method for Measuring the Steady State Ther-

by absorption and reflection and thus, limit the solar heat gain M@l Transmittance of Fenestration Systems Using Hot Box

and amount of solar radiation that is transmitted into the Methods . . . ) . o
building. E 632 Practice to Aid Prediction of Service Life of Building

1.4 The test method is not applicable to other chromogenic _Components and Materidls
devices, for example, photochromic and thermochromic de- E 903 Test Method for Solar Absorptance, Reflectance, and
vices. Transmittance of Materials Using Integrating Sphéres

1.5 The test method is not applicable to electrochromic E 1423 Practice for Determining the Steady State Thermal

windows that are constructed from superstrate or substrate _lransmittance of Fenestration Systéms _ -
materials other than glass. E 2094 Practice for Evaluating the Service Lifetime of

1.6 The test method referenced herein is a laboratory test Chromogenic Glazings _ .
conducted under specified conditions. This test is intended to E 2141 Test Methods for Assessing the Durability of Ab-

simulate and, possibly, to also accelerate actual in-service use SGcl)rptiVS Elgectrochromic Coatings on Sealed Insulating
ass Uni

1 This test method is under the jurisdiction of ASTM Committee EO6 on —————————————
Performance of Buildings and is the direct responsibility of Subcommittee E06.22 3 Annual Book of ASTM Standardgol 04.06.
on Durability Performance of Building Constructions. 4 Annual Book of ASTM Standardgol 15.02.
Current edition approved Oct. 10, 2002. Published December 2002. 5 Annual Book of ASTM Standardgol 14.04.
2Czanderna, A. W., and Lampert, C. M., “Evaluation Criteria and Test Methods  © Annual Book of ASTM Standardgol 12.02.
for Electrochromic Windows,” SERI/PR-255-3537, July 1990, Golden, CO; Solar  ” Annual Book of ASTM Standardgol 04.11.
Energy Research Institute. 8 Annual Book of ASTM Standardéol 04.12.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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E 2188 Test Method for Insulating Glass Unit Perform&nce  3.2.11 serviceability—the capability of a building product,
G 113 Terminology Relating to Natural and Artificial component, assembly or construction to perform the func-

Weathering Tests of Non-Metallic Materiéls tion(s) for which it was designed and constructed.
2.2 Canadian Standard: 3.2.12 service life—of a building component or material
CAN/CGSB 12.8 Insulating Glass Units the period of time after installation during which all properties
exceed minimum acceptable values when routinely main-
3. Terminology tained.

3.3 For additional useful definitions for terminology used in

3.1 Definitions—Refer to terminology in Terminology this standard, see Appendix X1, section X1.3

C 168, Practice E 632, and Terminology G 113 for descriptions
of genera! terms. 3 . 4. Significance and Use
3.2 Definitions of Terms Specific to This Standard: 4.1 This test method is intended to provide a means for
3.2.1 accelerated aging testan aging testin which the rate evaluating the current-voltage cycling stability at ca. 22°C of

of degradation of building components or materials is inteNec\ws as described in 122 (See Appendix X1, sections
tionally accelerated from that expected in actual service. X1.4-X1.7.) o '

3.2.2 bleached state-a descriptor for an ECW when no
ions reside in the electrochromic layer or after ions have beeB. Background

removed (or inserted, depending on the type of material) from 5 1 opservations and measurements have shown that some

the electrochromic layer(s) and if applicable, the maximumyt the performance parameters of ECWs have a tendency to
number of ions have beep retu_rned to the counter_electrot_ﬂ@eteriorate over time. In selecting the materials, device design,
layer to restore the photopic optical specular transmittance igpq glazing for any application, the ability of the glazing to
the bleached statery) from that of the photopic optical perform over time is an indication of that glazing’s durability.
specular transmittance in the colored staig. ( _ The ability of the product to perform over time, at or better
3.2.3 colored state-a descriptor for an ECW after ions than specified requirements, is an indication of the service life
have been inserted (or removed, depending on the type @f the glazings (see Practice E 2094). While these two indica-
material) into the electrochromic layer and, if applicable,iors are related, the purpose of this standard test method is to
removed from the counterelectrode layer to reduce the photgyssess the current-voltage cycling stability at ca. 22°C of
pic optical specular transmittance (of wavelengths from 400 tgc\ys.
730 nm) from that in the bleached statg)( _ 5.2 ECWs perform a number of important functions in a
3.2.4 durability—the capability of maintaining the service- pyilding envelope including: minimizing the solar energy heat
ability qfa pr_oduct, component, assembly or construction OVeRain; providing for passive solar energy gain; controlling a
a specified ime. . _ . variable visual connection with the outside world; enhancing
3.2.5 electrochromic coating-the multilayered materials hyman comfort (heat gain), security, ventilation, illumination,
that include the electrochromic layers, other layers, and tranggng glare control; providing for architectural expression, and
parent conducting oxide layers required for altering the opticafpossibly) improving acoustical performance. Some of these
properties of the coating. functions may deteriorate in performance over time. Solar heat
3.2.6 electrochromic layer(s)-the material(s) in an ECW  gain through an ECW is decreased because of two principal
that alter its optical properties in response to the insertion Oprocesses. Energy from the visible part of the spectrum is
removal of ions, for example, Lior H". absorbed by an ECW in the colored state. In addition, infrared
3.2.7 electrochromic window (ECWA)-a window consisting  radiation is either absorbed by the ECW materials or is
of several layers of electrochromic and attendant materialseflected by the transparent conducting oxide layers that are
which are able to alter their optical properties in response to gsed for applying the coloring or bleaching potentials across
change in an applied electric field. The changeable opticahe other layers in the ECW.
properties include transmittance, reflectance, and absorptances 3 |t is possible, but difficult, to predict the time-dependent
3.2.8ion conducting layer-the material in an ECW performance of ECWs from accelerated aging tests because of
through which ions are transported between the electrochromigie reasons listed below. Users of this document should be
layer and the ion storage layer and electron transport igware of these limitations when reviewing published perfor-

minimized. mance results and their connection to durability.

3.2.91ion storage layer or counter electrode layethe 5.3.1 The degradation mechanisms of ECW materials or
material in an ECW that serves as a reservoir for ions that caglazings, or both, are complex. In some cases, however, these
be inserted into the electrochromic layer. mechanisms may be determined and quantified.

3.2.10 performance parametersthe photopic transmit- 5.3.2 The external factors that affect the performance of

tance ratio (PTR), of at least 5:1 (PTRg/1.) between the ECWs are numerous and may be difficult to quantify. However,
bleached (for exampler, of 60 to 70 %) and colored (for

exampleg. of 12 to 14 %) states; coloring and bleaching times

of a few minutes; switching with app|ied V0|tages from ~1 to °Czanderna, A. W., Benson, D. K., Jorgensen, G. J., Zhang, J-G., Tracy, C. E.,

. i : and Deb, S. K., “Durability Issues and Service Lifetime Prediction of Electrochro-
3V, and open-circuit memory of a few hours, for example, ic Windows for Buildings Applications,” NREL/TP-510-22702, May 1997,

contemporary ECWs typlca"y have open circuit memories of &ational Renewable Energy Laboratory, Golden, CO; Solar Energy Materials and
to 24 h. Solar Cells, 56, 1999, pp. 419-436.
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in some cases, the use, the environmental factors, and othealidated based on in service use is an extremely crucial
information that influence performance may be known. element for the commercialization of ECWSs, even for niche
5.3.3 Fenestration units with tested ECWs may be differentarkets. Because no uniformly accepted procedures or meth-
from those planned for use in service. Some companies haveaals have been established for the real-time testing of ECWs
database of in-service performance that can be compared &md because manufacturers and users cannot wait 20 or more
laboratory results. years for the real-time evaluation of each window design,
5.4 Degradation factors (or stresses) for ECWs include thaccelerated life testing (ALT) methods and procedures must be
ion insertion and removal processes; temperature; solar radiased for evaluating ECW stabili3? These included) rapid
tion (especially UV); water vapor; atmospheric gases andbut realistic current-voltage (I-V) cyclic tests emphasizing the
pollutants; thermal stresses such as shock from sudden rain, electrical propertiespj ALT parameters that are typically used
well as during the diurnal and annual temperature cyclesin durability tests by standards organizatiorg,ALT param-
electrochemically induced stresses in the multilayer thin-filmeters that are realistic for the intended use of large-area ECWSs,
device; hail, dust, and wind; condensation and evaporation cind @) how the ALT results must be related to real-time
water; and thermal expansion mismatch@sThese factors testing? The purpose of this test method is to assess the
may singularly or collectively limit the stability and durability current-voltage cycling stability at ca. 22°C of ECWs at least
of ECWs. Because the ECWs are expected to have the54 by 254 mm (10 by 10 in.).
(r:inoul,llttl)llz;)-lsgr?é g??rtilg|ges.pc;?1§?§ SLittZeWSitl#f:r??:elrrt] ;:g ;ﬁl\i/:){hcg Note 1—The test met_hod may also be used for smaller ECWS_ to assess
h o the current-voltage cycling stability at ca. 22°C of prototype devices. The
sealed space, many factors such as high humidity, atmosphefiGting parameters chosen may only provide modest acceleration factors.
gases and pollutants, condensation and evaporation of watefowever, the quantitative parameters discussedajp(¢) above are
and dust should not affect the durability of electrochromicpresented and include a detailed description of the procedures for using an
coatings in IG unitg. accelerated weathering ufit.
5.4.1 Establishing test procedures from which ECW dura- ) i
bility can be predicted and validated for in-service use is arP- APParatus (see Figs. 1 and 2 and Section 8.3 for
extremely crucial element for the commercialization of ECws, ~Descriptive Detail)
even for niche markets. To reduce the number of accelerated 6.1 Voltage Cycling Unit for imposing voltage cycles to
test parameters that are required to predict the long-terralternately and repeatedly color and bleach the ECWs from a
performance of ECWSs, accepted procedures or methods hatelly bleached state to the colored state and back to the
not been established for testing ECWilowever, a rationale bleached state.
was recently proposed for narrowing the number of degrada- 6.2 Computer Controlled Photodiode Array Spectrophotom-
tion factors that need to be studied. Establishing the testingter, for example, for obtaining and storing data from the
criteria from which ECW durability can be predicted and electro-optical characterization of the optical transmittance in

 eellect fect el ;Eéecstmchromic Windows
J T T~
Laboratory Space /
1220 mmx 1830 mm EC||EC] |EC] |EC
@x6) ---- < I ! T‘
Test Plane ‘\ L —
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Control and Data
Acquisition System 0000 B o3128001

FIG. 1 Top View Schematic Diagram of the Essential Components of the Layout of Electrochromic Window Devices in Laboratory
Space and Computer-controlled Electrical Cycling and Data Acquisition System for Accelerated Current-voltage Cycling at ca. 22°C
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Note—The measurements are used to determine the photopic transmittance ratio and record electro-optic degradation data after cyclic testing.
FIG. 2 Schematic of the (Essential) Elements of the Electro-optic Measurement System Used for Recording 300 to 1100 nm
Transmittance Spectra for a Color/Bleach Cycle of EC Window Devices at Room Temperature

the colored and bleached state and measuring the rate of7.3 The manufacturer shall provide control parameters and
coloring and bleaching. other information that are needed by the testing laboratory for
6.3 Laboratory Spacethat is large enough for the largest carrying out this test.
ECW o be tested and tohat maintains the constant ECW testingy .. 3 control parameters for an ECW are the time dependent
temperature of ca. 22°C. The space must permit using thg,tage or current profile that is supplied by the manufacturer of the ECW
equipment in 6.2 for optical measurements while the ECW isn which the voltage or current is applied to the ECC for the cyclic
maintained at ca. 22°C. coloring to achieve the desired PTR and bleaching of the device.
6.4 Tungsten Lampa spectrum from the source must be 74 The testing laboratory shall retain two of the supplied
compatible with the fiber optic illumination of the photodiode ypits as control specimens.
array spectrophotometer described in 6.2.

6.5 Digital Camera 8. Procedure?®
6.6 Video Camera and Recorder 8.1 Overview—Expose the ECWs to a constant temperature
6.7 Calibrated Thermocouples of ca. 22°C in the absence of light while the ECWs are
6.8 Electrical Leads from the unit in 6.1 to each ECW in cyclically colored and bleached with the ability to pause during
the laboratory space described in 6.3. the duty cycles, depending on the control strategy prescribed
by the manufacturer. The “testing” temperature shall be at ca.
7. Test Specimens 22°C. Accept the prevailing relative humidity in the laboratory

7.1 Test specimen size, design, and construction shall b&ace because the prototype EC coatings will be sealed inside
established and specified by the user of this standard, excep@uble-pane or triple-pane IG units for in-service use. Measure
the specimens shall be at least 254 by 254 mm (10 by 10 in.jransmittances in a manner analogous to that described in Test

Method E 9083.

N_OTE 2—C_Zonsideration should be given tojhe uItimate:equir_ement for g2 Electro-optical Characterization of ECWs accom-

testing specimens that are 3556 mm by 505= 6 mm (14 1/4in. by lished by using a computer-controlled, multichannel poten-

20 in. = 1/4 in.) such as those used in Test Method E 2188 and for using. tat and hotodiod trophot ter. Th tical
heat-strengthened or tempered glass (Specification C 1048). Cons jostal and a photodiode array spectropnotometer. 1he optica

Section 5 in Test Method E 2188 and Section 12.1 in CAN/CGSB 12.8 foffansmittance of all ECWs is initially measured at ca. 22°C, as
a description of test specimens and their preparation.

7.2 Six test specimens that are represented to be “identica

shall be the minimum number used to assess the current- 19The procedure is based in part on the paper by A. Czanderna, et al., in “Optical
Materials Technology for Energy Efficiency and Solar Energy Conversion XV,” C.

voltage cycling stability at room temperature of a particulary Lampert, c. Granavist, M. Grétzel, and S. K. Deb, e@®JE Vol 3138, 1997,
design and constructioch(See Appendix X1, section X1.5.) p. 8.
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shown schematically in Fig. 2. The fiber optic cables are routed

from the tungsten lamp source into the ECW sample holder. 1007 ! ' ' '

The temperature of the ECW is established by monitoring the At = tare oo t_c‘%k
temperature of the room by a thermocouple (or other appro- 20

prlat.e tgmper_ature probe or device). One optical fl_ber guides sol 550 nm .
the incident light from the tungsten lamp to one side of the /

sample; another optical fiber guides the transmitted light to the
photodiode array spectrometer attached to a computer. The
fibers shall be optically coupled by properly aligned collimat-
ing lens assemblies attached to the illuminating and the
collection fibers. Reference spectra for 100 % and 0 % trans-
mittance are taken before each measurement. The magnitudes
of the coloring and bleaching voltages (typigadl 3 volts), as
specified by the ECW manufacturer, are then applied. To
minimize degradation caused by large current surges that occur
at the beginning of the coloring or bleaching process, a
trapezoidal voltage (ramp rate—0.05 V/s) instead of a step
voltage may be used. A typical voltage (V) waveform and the
corresponding current)(are plotted in Fig. 3 as a function of
time. The optical transmittance of the sample is measured over 600 800 1000
an appropriate spectral range in successive intervals during the Wavelength (am)
coloring and bleaching processes. The time interval between _ . . .
the recorded spectra can be as small as one second. In typicaFIIG‘ 4 Transmittance Spectra During a Coloring and Bleaching

. . . . - Process at Intervals Ranging from  t,,.,,/20 to t,,,,/60 for a
testing experiments, a time interval of a fraction of the total Typical ECW
cycle time for taking each spectrum should be adequate for

recording the optical properties of each ECW, for example, fors;pectral photopic eficiencly, (\) (CIE, 1924) as the weighting

teycle = e + tb', spectra taken at time interval; betwegygkj.ZO factort! (see also, Practice E 1423, Test Method C 1199, and
to t.y 60 Will probably be adequate. Typical transmlttanceCAN/CGSB 12 8)’ ' '

spectra recorded during a coloring and bleaching cycle are 8.2.1 Atrapezoidal voltage profile similar to the one used at

shown in Fig. 4, in which the optical spectra of the devices arta. 22°C is also used for the long-term cycling tests at ca. 22°C.
plotted as a function of wavelength. The time constants used iEach ECW is maintained at ca. 22°C and the coloring and

the voltage profile are determined by monitoring the time tobleaching times are determined for obtaining the specified

reach an optica;l ETETU.TC) of 5 St 520 .nmo'l Jh? photopiC prp "o example, 5 at 550 nm. These data may then used to
transmittance of the devices can be obtained by integrating t ' . : ) o
spectra in the wavelength range of 400 to 730 nm using tr:grogram the multichannel potentiostat with specific voltage

rofiles (for each device type) for cyclic testing at the tempera-
tures chosen when using an accelerated weathering unit
(AWU) as in Test Methods E 2141. After cycling for the
T ! ' desired time period, (for example, 4000 to 10 000 cycles), the
Coloring samples are then electro-optically recharacterized at ca. 22°C
using the voltage profile determined temperature (ca. 22°C)
during the pretest procedure and compared to the initial values
as shown in Fig. 4. The initial photopic transmittance for a
typical ECW is shown in Fig. 5 as open circles, and the open
squares and solid-circles indicate the typical photopic trans-
mittance of an ECW at 22°C (72°F) after 5000 and 10 000
cycles at an elevated temperature, respectively.
8.3 Laboratory Space-Fig. 1 shows a top-view schematic
; diagram of the essential features of using laboratory space for
— multiple samples including the layout of the ECWs on a 1220
; | 100 by 1830 mm (4 by 6 ft) test plane and the necessary connecting
cables from the ECWs to the computer-controlled cycling and
data acquisition system. Temperature control of the laboratory
Y : space is provided and the temperature shall be recorded and
1ok Bleaching _ 200 reported. Monitoring of the coloring and bleaching processes
I 1 ]
Time (arb. units)

osk [ v L 100

00

Voltage (V)
o
(V) juazm)

1 Kingslake, R., “Applied Optics and Optical Engineering,” in Vol.Light: Its
FIG. 3 Voltage and Current as a Function of Time During Generation and ModificatignAcademic Press, New York, NY, 1965, Table I,
Coloring and Bleaching Processes for a Typical ECW Chapter 1.
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8.4.1 Place the ECW samples horizontally onto the test
plane and connect the cables leading to the remote electronics
- via the connectors, for example, bullet-type, quick-disconnect
: msmmm terminals, described earlier. Tape thermocouples (0.13 mm or
sof- - After 10000 cycles . 5-mil diameter) to the center surface of the samplgs (that will
face the xenon-arc light source when further testing is done
using Test Methods E 2141) with 8-mm square (0.3-in. square)
pieces of 0.05-mm (0.002 in.)-thick aluminum tape. The
thermocouple leads may be taped about 75 mm (3 in.) away
from the center of the sample to provide strain relief. Mate the
thermocouples to the appropriately thicker extension wires
leading to the remote electronics via subminiature connectors.

100[F i I I I -]

Note 5—Before cycling extensively at ca. 22°C, it is prudent to
electro-optically cycle all the ECW samples at ca. 22°C to verify the
integrity of the electronic control and data acquisition system, as well as
the continuity of the electrical and thermocouple connections.

8.5 Woltage Cycling the ECWs at ca. 22°@Program the
ol 1 1 L | = electro-optic cycling of the EC devices to shut down periodi-
Time (arb. units) cally after a predetermined number of coloring and bleaching
cycles; these may be typically 60@0 2000 cycles for testing
the ECWs. After the first shut down, disconnect the thermo-
couple and electrical leads to the sample from the cabling,
remove the samples, and remeasure the optical transmittance at
ca. 22°C. Visually inspect the ECW samples and photograph
RNy detectable degradation with the digital camera. Note and
record any visually detectable degradation of the samples in the
bleached or colored state. Record the electro-optic measure-
Note 4—The sample layout shown in Fig. 1 is only for illustrative ments and other observations, and reinsert the ECW samples
purposes, and other sample arrangements are acceptable, for exampigo the oven for the next series of cyclic testing, for example,
stacking the samples vertically. another 4000 to 10 000 coloring and bleaching cycles. Repeat
8.4 Mounting ECWs in the Laboratory Spaeé&ach manu- this procedure until a total of 50 000 cycles are achieved or a
facturer of ECWs must provide the coloring and bleachingPTR of less than 4 is obtained at ca. 22°C, whichever result
voltages for characterization at 22°C and for operating theicomes first. If a PTR below 4 is reached before 50 000 cycles
ECWs at 22°C. When received, inspect the ECWs visuallyare completed or if,, of less than 50 % is measured, the ECWs
take photographs of any obvious defects or aberrations of thgijl the durability test.
EC samples in the bleached state or colored state, and record
your observations. Make electrical connections, for example, NoTe 6—As ECWs age during accelerated life testing (see 8.5), the
solder friction-fit, bullet-type, make/break or some other suit-IMmes to color and bleach usually become longer (see Fig. 5). Rigidly
able connector, to the wires of each EC device. Mate th sing the coloring and bleaching times for the new device on an aged

. evice may result in a PTR of less than 4, but the device still may be
connectors with those on the cables, for examflen (30 ft)  gyitaple for conserving energy in buildings. Before an ECW is deemed a

long, leading to the computer-controlled ECW testing electronsajlure, the times to color a bleach should be extended for up to 30 min or
ics. Record successive optical transmittance measurements f@s to the time it takes for the rate of change of the transmittance to become

color/bleach cycles at ca. 22°C using the voltages supplied bgss than about 0.4 % of the transmittance per minute in the colored or
the manufacturer to verify the electrical protocols for achievingPleéached state, respectively, whichever yields the shorter time to color or
a5:1 PTR. Compare subsequent optical and electrical data Wimeach. Ifa PTR of less than 4 is st'||| obtglnec_i when using the anggr times
these data as a measure of degradation of each ECW aftté)rcolor and bleach, then the device fails this performance criterion.
periods of long-term current-voltage cycling. Characterize the 8.6 Video Documentatior-After the final cycling series in
samples optically and electrically in the laboratory space at ce8.5, record the dynamic response of the ECWs at ca. 22°C.
22°C (see 8.2) which is the intended temperature of testing, tMount each ECW that has been aged as in 8.5 next to an
determine the bleaching and coloring times required to achievanaged specimen from the same lot of all those tested. Record
a5:1 PTR at 22°C. This measurement establishes what voltagke dynamic response for 5 coloring and bleaching cycles using
and time protocols will be used for the accelerated voltagehe video camera.

cycling of the samples at ca. 22°C. For example, the ECW o _
samples may be further tested using Test Methods E 2141 bg{NOTE 7—The uniformity tests should be made when the ECW is held

. At . - o a constant transmittance. To establish a given transmittance state for
being electro-optically cycled for durability testing at 85°C assessing the uniformity of the ECW, the manufacturers should be asked

(185°F) gsing the 85°C' (185°F) protocol and p?riodig:allyto provide control information (voltage, current, time) that will result in a
characterized for transmittance changes at ca. 22°C using tkgnstant transmittance of the ECW in the colored or bleached state, and
22°C (72°F) protocol. this information should be used.

FIG. 5 Photopic Transmittance as a Function of Time Measured
at Various Stages of Cycling of a Typical ECW

and of the sample temperatures are accomplished with
computerized electronic control and data acquisition syste
via cables through access ports in the chamber.
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8.7 Final Visual Inspection-After the final cycling series in J‘AmaxT ML () dh
8.5, perform the final visual inspection, take photographs, and Ao 0P

P =" 2
record all evidence of visually detectable degradation. P fxmaxlp(x) dn @

9. Analysis for Performance Losses in which A\pay i 730 nm, A is 400 nm, 7,(\) is the
) ) ) _ transmittance in the bleached state at any wavelengtand
9.1 Coloration Efficiency-The coloration efficiency may | (\) s the photopic intensity function. A similar expression is
be useful as an indicator of performance losses. The PTR Ofﬁsed to calculater,(p), the photopic transmittance in the
typical ECW can be calculated from the transmittance spectrgg|ored state. Then, the PTR is simply(p)/7(p). A plot (see
such as those shown in Fig. 4. These ratios are shown in Figsig. 6) of the PTR versus cycles completed is also useful for
6 as a function of the cycle number (see open squares). Tf‘e?ssuring performance degradation of the ECWs.
change in the coloring efficiency at any timet of the ECWs 9.3 Additional Analyses-Thet, to a givenr (p) or t, to the
can be also calculated from these ratios and the ch&ye ( original or maximumr,(p) may also be useful for assessing
passed through the ECW during the coloring process as giveperformance degradation. Typically, an ECW exhibits latger
in the following: or t, that are too long. Measurements of the PTR at different
T sample locations, for example, at the center, corners, and
AO.D. '°9<T—C> between the center and edge of the ECW, may be useful for
A =—q—= f“i(t) at (1) assessing performance degradation. Lateral variations in the
0 PTR may also result as the ECW ages. Any PTR below 4.0 is
considered a failure.

in which O.D. is the optical density,is the ion currentt is the time,r,

andT, are as defined in 3.2.2, arndis the time to color the ECW. The 10. Observations

typical trend for coloring efficiency of an ECW as a function of cycle

number is shown in Fig. 6 as solid squares. Both the PTR and coloring 10.1 Observe and document the following:

efficiency decrease with cycle number for the device shown. 10.1.1 Specimen breakage,

10.1.2 Specimen failure that is indicated by a PTR < 4,
10.1.3 Specimen degradation that is evident visually in the
eached state,

) ) ] ) 10.1.4 Specimen degradation that is evident visually in the
9.2 Photopic Transmittance RatieThe PTR is calculated c¢olored state,

from the optical transmittance data in the bleached and colored 10.1.5 Specimen degradation that is evident from photo-
states. This is especially important because interference effecigaphs in the bleached state,

can distort the real changes in the PTR when only a single 10.1.6 Specimen degradation that is evident from photo-
wavelength is used. The following may be used to calculatgyraphs in the colored state,
T(P), the photopic transmittance in the bleached state: 10.1.7 Specimen degradation that is evident from the videos
in the bleached state, and
10.1.8 Specimen degradation that is evident from the videos
Y in the colored state.

Note 8—The coloration efficiency may be difficult to assess for solid
state devices in which the measured current is the sum of the ionic anlcoiI
electronic currents, and not just the ion current,

70
dse 11. Report
&0 11.1 The following information shall be provided in the test
Jas report.
50 T e 11.1.1 A complete description of the test specimen(s) in-
S & cluding the observations of the as-received specimens,
g 140 11.1.2 The tests performed on the specimen(s) and the
B a0 results of those tests both before and after accelerated tests
& 35 were conducted,
é 2k 11.1.3 The type of accelerated tests conducted, and
g 11.1.4 The number of dynamic cycles completed before
3 30 failure occurs.
20 | 11.2 Additional information such as technical drawings and
25 videos may be included in the test report.
1ok 11.3 Prepare a report for each set of ECWs after each series
of cycles and optical characterization. The report shall provide
20 the PTR after each series of cycles including the initial and
or ' ' . final PTR. The reports may provide tables with the appropriate
0 5 10 15x10° entries for the initial characterization data and the same data
Cycle number after electro-optical voltage cycling, as shown by the simulated
FIG. 6 Photopic Transmittance Ratio and Coloring Efficiency as a data in Table 1. The photopic transmittance data may be
Function of Cycle Number for a Typical ECW provided only in the final report. Plots of the voltage ramps
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TABLE 1 Electro-optical Test Results at 22°C (72°F) Before and After Current-Voltage Cycling at Room Temperature

Device v, v, . t, 9rA 9rA pRA %r %r prRA Zczyilesgt

Number V) V) (s) (s) Max Min Max Min (70 + 4°F)
D-1 w y X z aa bb aa/bb ee ff ee/ff 0
D-1 w y X z cc dd cc/dd gg hh gg/hh V, VW

APTR is the photopic transmittance ratio % T, /% 7.

similar to Fig. 3, transmittance changes during coloring ancn each ECW, andf) securing testing apparatus that can
bleaching similar to Fig. 4 (but as separate plots), the transsperate reliably for longer periods of time than required to
mittance during coloring and bleaching similar to Fig. 5, andcomplete the ECW durability tests. From)(and ), the
the PTR similar to Fig. 6 may be provided for each set oftesting time will be reduced, assuming the increased tempera-
ECWs tested. The time interval between plots of the transmitture and irradiance produce more accelerated degradation.
tance spectra similar to Fig. 4 was specified for their useFrom ) and (), the testing time may be increased, but
Finally, use longer coloring and bleaching times, for examplesimulating the in-service use will be more realistic. Frag (
5 to 10 times longer than used during cycling for characterizabetter statistics and quantitative evaluation will be obtained
tion at ca. 22°C, to determine the time to reach PTRs of 5 afteabout the overall non-uniformity of coloring and bleaching
each series of cycles. after any degradation occurs, for example, a single defect at the
11.4 As with the quantitative data, summarize and includespot of transmittance measurement will greatly skew the results
the visual observations for the ECWs in a custom reporfor the entire ECW. The video comparisons help reduce this
prepared for each supplier. When possible, summarize thgroblem, but video results are visual and qualitative. 1t&ns(
observations in general for all ECWs and then make appropriespecially important because the calendar time for completing
ate additional comments for each sample. After final cyclingthe testing was about three times the actual time for testing and
and electro-optic characterization, place each exposed ECWlectro-optical characterization. The major reliability problems
side by side with the control sample (not subjected to exposureesulted from failures in the potentiostat-galvanostat testing
in the oven) and make a video-camera recording to capturenit, storm-related power surges to the computer, and an
visually the effects of any degradation during a color/bleachinability of the AWU to provide sufficient cooling for the xenon
cycle using the 22°C (72°F) electro-optical coloring/bleachinglamps and chamber. These have all been corrected for future
protocols. Carefully pack and store the tested ECW sampletesting, but additional equipment reliability issues can be
subjected to the durability testing. The time-consuming finalexpected as a generic problem in long-term testing. Clearly,
analyses involve assembling and integrating the originatontrolled testing of ECWs for 20 000 to 50 000 cycles
electro-optical cycling data and subsequent periodic cyclingequires that all the testing equipment functions flawlessly for
results into a series of coherent and independent final reportap to a year, depending on the coloring/bleaching time for one
. voltage cycle. Constructive feedback to the manufacturers is
12. Additional Needs essential to improve the reliability of their testing equipment.
12.1 Asreported in 199%a great deal remains to be learned o )
about how to carry out durability testing correctly. During the 13. Precision and Bias
initial efforts 1 additional improvements were identified that  13.1 Precision—The precision of the procedures in this test
urgently need to be made. These includg sing a higher method is being determined.
sample temperature for example, 85 and 107°C (185 and 13.2 Bias—Because there are no accepted reference mate-
225°F), p) using enhanced irradiance (for example, 2—3-sunyials suitable for determining the bias for the procedures in this
conditions, €) optimizing the trapezoidal voltage waveform to test method, bias has not been determined.
minimize the damage during coloring and bleachind) (
establishing an appropriate duty cycle for the coloring andl4. Keywords
bleaching voltagesg] improving the measurements of trans- 14.1 chromogenic glazing; durability; electrochromic win-
mittance changes by using fiber optic cables at more locationdows; fenestration; fenestration products
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APPENDIX
(Nonmandatory Information)

X1. ADDITIONAL INFORMATION

X1.1 Acronyms Used in This Test Method X1.3.4 counter electrode layerthe ion storage material in
X1.1.1 ALT—accelerated life testing an ECW that serves as a reservoir for ions that can be inserted
X1.1.2 AWU—accelerated weathering unit into or received from the electrochromic layer.

X1.1.3 AM—air mass X1.3.5 degradation factors-refer to conditions, imposed
X1.1.4 n—-coloring efficiency or natural, that influence or cause a degradation mechanism,
X1.1.5 I-V—current-voltage effect, or mode.

X1.1.6 DPM—digital panel meters X1.3.6 electro-optic characterization-refers to the process
X1.1.7 DBT—dry-bulb temperature of recording optical changes (transmittance, reflectance, ab-
X1.1.8 ECW—electrochromic window sorptance, etc.) in an ECW as a function of electrical protocols
X1.1.9 IG—insulating glass (voltage, current).

X1.1.10 IGUs—insulating glass unit(s) X1.3.7 electro-optic cycling-refers to the electrochemical
X1.1.11 IR—infrared (radiation) cycling process of applying repetitive positive and negative

X1.1.12 PTR—photopic transmittance ratio or PTRtg/7.  voltages to an ECW for the purpose of reversibly changing the
X1.1.13 r—specular transmittance in the colored state  optical properties of the ECW device from the bleached to the
X1.1.14 ry—specular transmittance in the bleached state colored state.

X1.1.15 UV—ultraviolet (radiation) X1.3.8 optical density—refers to the attenuation in the
X1.1.16 UMS—uniformity measurement system amount of transmitted light by absorptive or reflective pro-
X1.1.17 V—voltage cesses in the material being irradiated. OD is the base 10

X1.2 Additional Useful Standards Related to This logarithm of the reciprocal of the transmittancg): (OD =

Standard 100Gy 7). . . .
X1.3.9 optical photopic transmittance ratierefers to the
X1.2.1 ASTM Standards

o 2 ratio of the bleached state transmittangg {o the colored state
C 1036 Spe_C|f|cat|on for_ Flat Glass . _ transmittance 1;) where 1, and 7. are both weighted by a
E 122 Practice for Choice of Sample Size to Estimate

Measure of Quality for a Lot or Procéss Spectral photopic response curve.
E 546 Test Method for Frost Point of Sealed Insulating X1.3.10 optical transmittance-the ratio of the radiant en-

Glass Unité ergy transmitted by a body to the total radiant energy incident

. pon the body.
Infug%g-rgslgs'\geg:ﬁfds for Accelerated Weathering of Sealed X1.3.11 photodiode array spectrophotometean optical

e P ... detector system that uses an array of photodiodes coupled to
E 774 Specification for the Classification of the Durability o~ .
of Sealed Insulating Glass Uriits CCDs to facilitate UV-VIS-NIR spectroscopic measurements.

E 1887 Test Method for Fog Determinatfon X1.3.12 trapezoidal voltage profile-the geometric shape

E 2189 Test Method for Testing Resistance to Fogging ifpenerated by plotting the voltage versus time applied to an
Insulating Glass Unifs ECW with a slope in V/s up to a constant voltage and then a

E 2190 Specification for Insulating Glass Unit Performance€92tive slope in V/s back to zero voltage (see Fig. 4).
and Evaluatioh X1.3.13 spectral photopic responserefers to the relative
G 159 Tables for References Solar Spectral Irradiance at Afesponse of the human eye in its light adapted state (daylight)

Mass 1.5: Direct Normal and Hemispherical for a 37° Tilted!0 radiation of a given wavelength (~410 to 720 nm).
Surfacé&*? X1.3.14 specular transmittanee-refers to the optical trans-

. o . mittance that does not include light with a diffuse component.
X1.3 Additional Useful Definitions for Terminology Used
in This Standard X1.4 The suitability of the test methods will be further

X1.3.1 accelerated life testing-a protocol that results in evaluated as the analyses of test results are completed.
accelerated aging of materials or devices.

X1.3.2 anomalous hot spetin the lateral uniformity is a X1.5 The total number of specimens supplied shall be three
region of unexpected elevated temperature. more than the number listed in 7.2 and shall serve as control

X1.3.3 coloration efficiency-the change in optical density specimens or to allow for breakage of two specimens.
(OD) per unit of charge@) inserted into an EC device or
material. X1.6 The test methods are to simulate the in-use conditions

of an EC coating in an IGU.

12 Annual Book of ASTM Standardgol 14.02. ) _
3G 159 replaced E 891 and E 892, which were removed in 1998. X1.7 The tests may be carried out in parallel or separately.
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ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).
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