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Executive Summary

1. AGM Batteries Ltd. ICR 34600 lithium ion cells have been tested on a range of different performance, safety and abuse tests.

2. The cells consistently exceeded the performance targets set for them.

3. The test results are summarised in the following tables.

	Test I. D.
	Description
	Target
	Actual
	Status

	4.02
	Discharge at C / 5 
	100 %
	105.0 %
	Achieved

	4.03
	Discharge at C / 2 
	  98 %
	104.6 %
	Achieved

	4.04
	Discharge at C
	  95 %
	104.2 %
	Achieved

	4.05
	Discharge at 2 C
	  93 %
	103.5 %
	Achieved

	4.06
	Discharge at 0 oC
	  90 %
	105.9 %
	Achieved

	4.07
	Discharge at - 10 oC
	  85 %
	104.5 %
	Achieved

	4.08
	Discharge at - 20 oC
	  80 %
	103.6 %
	Achieved

	4.09
	Discharge at - 30 oC
	  60 %
	100.8 %
	Achieved

	4.10
	Discharge at 55 oC
	  90 %
	103.9 %
	Achieved

	4.11
	Capacity retention
	  80 %
	101.1 %
	Achieved

	4.11
	Capacity recovery 
	  85 %
	103.2 %
	Achieved

	4.12
	Long term storage
	  70 %
	106.2 %
	Achieved

	4.13
	Capacity at 500 cycles
	  60 %
	  90.6 %
	Achieved


Number Of Cycles Above 60 % Rated Capacity

	Test
	Charge
	Discharge
	Temp.
	Actual

	I. D.
	Current
	Voltage
	Current
	End
	/ oC
	

	Cyc01
	C / 3+2
	4.2 V
	C / 5
	2.75 V
	20
	> 500

	Cyc02
	C / 3+2
	4.2 V
	C / 2.5
	2.75 V
	20
	> 500

	Cyc03
	C / 3+2
	4.2 V
	C / 1
	2.75 V
	20
	> 500

	Cyc04
	C / 1+X
	4.2 V
	C / 1
	2.75 V
	20
	250 - 550

	Cyc05
	C / 3+2
	4.2 V
	C / 2.5 
	20 %
	20
	> 500

	Cyc06
	C / 3+2
	4.2 V
	C / 2.5 
	50 %
	20
	> 500

	Cyc07
	C / 3+2
	4.2 V
	C / 2.5
	80 %
	20
	> 500

	Cyc08
	C / 3+2
	4.1 V
	C / 2.5
	2.75 V
	20
	> 500

	Cyc09
	C / 3+2
	4.2 V
	C / 2.5
	2.75 V
	55
	324 - 386

	Cyc10
	C / 3+2
	4.2 V
	C / 2.5
	2.75 V
	70
	103 - 111


	Test I. D.
	Description
	Target
	Actual

	5.01
	Continuous charge
	Pass
	Pass

	5.02
	Shock
	Pass
	Pass

	5.03
	Vibration
	Pass
	Pass

	5.04
	High temperature storage
	Pass
	Pass

	5.05
	Thermal shock
	Pass
	Pass

	5.06
	Altitude
	Pass
	Pass

	6.01
	Short circuit
	Pass
	Pass

	6.02
	Forced discharge
	Pass
	Pass

	6.03
	Overcharge
	Pass
	Fail

	6.04
	High rate charge
	Pass
	Pass

	6.05
	Internal short circuit
	Pass
	Pass

	6.06
	Drop
	Pass
	Pass

	6.07
	Hot box
	Pass
	Fail

	T1
	Altitude 
	Pass
	Pass
	Pass

	T2
	Thermal shock
	Pass
	Pass
	Pass

	T3
	Vibration
	Pass
	Pass
	Pass

	T4
	Shock
	Pass
	Pass
	Pass

	T5
	External short (55 oC)
	Pass
	Pass
	Pass

	T6
	Impact
	Pass
	Pass
	Pass

	T8
	Forced discharge
	Pass
	Pass
	Pass
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1 Introduction


This report describes a series of tests carried out on AGM Batteries Ltd. ICR 34600 lithium ion cells. This includes performance tests at different currents and temperatures, storage and cycling tests, and safety and abuse tests outside the normal operating range of the cell. The cell testing requirements are described in two specification documents [1, 2], and are summarised in Appendix 1. The actual performance targets for the ICR 34600 cell are presented in Appendix 2. The tests were performed on three tranches of cells, numbered 8101 – 8250,   8401 – 8420 and 8501 - 8580. Improvements in cell manufacturing lead to a significant increase in capacity in the later cells. 

2 Experimental


The dimensions of the cells on receipt were 34.0 mm diameter by 60.5 mm length, and the weight was 134.6 ± 0.4 g. Metal tags were spot welded to the top and bottom caps, to allow electrical cables to be soldered. Most of the tags were nickel plated steel. For the short circuit experiments described in Section 7.1, one or more nickel tags were used, to cope with the high currents. The performance tests were performed using a Maccor 4000 series rig. Each channel is limited to 10 A, so this current was used instead of 10.4 A in the 2 C rate tests. The average cell voltage during discharge (Vave) was calculated by dividing the total energy (in      W hr) by the total charge (in A hr). A Vötsch VT4010 series oven was used to provide a constant 20 oC, and a VT4004 series oven was used for other temperatures. For the safety tests at 75 oC, this oven was moved into a large metal enclosure, as an extra safety precaution. The temperatures reported were always oven temperatures rather than cell temperatures. Cells were normally tested inside individual fire proof bags, except for the shock, vibration, altitude, and abuse tests.


The abuse tests were performed with a Maccor 2200 series rig. During the tests, the cells were in an area with an extract and scrubber, with two locked doors between them and the operators. Visual observations were made by video camera. For electrical tests, the cells were held with retort clamps in individual cages. For the hot box and high temperature short circuit tests, the cells were placed in a small furnace. The crush and impact tests used equipment constructed especially for the purpose. The short circuit tests used a contactor and thick copper cables; the resistance was estimated at 10 m. The “hard” wood used for the crush and drop tests was maple, which typically has a Janka hardness of 1450 – 1500. The T8 forced discharge test simulates a “reverse” charge, and the tests were therefore performed by connecting the cell the wrong way round and then charging. The test specifies a 12 V power supply, but the initial negative cell voltage conflicts with typical power supply circuitry. However, the Maccor 2200 rig has an operating range of – 5 V to + 12.3 V, and can therefore cope with the voltage range. Unfortunately, it does not control properly with a 12 V limit, and the maximum voltage was therefore reduced to 11 V. As specified, a 1.22  resistor was used in series with the cell, but lead and contact resistances were ignored. The nominal cell voltage was calculated from the following equation :-


Cell voltage
=
Current (A) x 1.22 ()    -    Charging Voltage

3 Performance Tests

3.1 C / 5 DISCHARGE CAPACITY


The discharge capacity of all the cells was measured before any further testing. Table 1 shows the mean values for the two main tranches. The discharge capacities were all comfortably above their rated capacity of 5.2 A hr. 


Table 1.  
Summary Of Cell Performance During Initial Discharge

	2001 Cells
	Charge / A hr
	C/5 Discharge
	Vave
	Efficiency

	(8101 – 8231)
	To 4.2 V
	Full
	/ A hr
	/ W hr
	/ V
	/ %

	Mean
	4.704
	5.472
	5.461
	20.63
	3.777
	99.8

	S. D.
	0.036
	0.022
	0.022
	  0.09
	0.003
	  0.0

	2002 Cells
	Charge / A hr
	C/5 Discharge
	Vave
	Efficiency

	(8501 – 8580)
	To 4.2 V
	Full
	/ A hr
	/ W hr
	/ V
	/ %

	Mean
	4.936
	5.751
	5.714
	21.58
	3.776
	99.3

	S. D.
	0.066
	0.071
	0.070
	  0.27
	0.002
	  0.0


3.2 RATE TESTS


The discharge capacities of five cells were also measured at the C / 2, C and 2 C discharge rates. Table 2 shows the mean discharge capacities and voltages. Figure 1 shows some typical discharge curves. Again, the capacities were all comfortably above the performance specification.


Table 2.  
Summary Of Cell Performance During Rate Tests

	
	Discharge Capacity / A hr

	
	C / 5
	C / 2
	C
	2 C

	Mean
	5.466
	5.440
	5.417
	5.381

	S.D.
	0.005
	0.003
	0.004
	0.006

	
	Average Discharge Voltage / V

	
	C / 5
	C / 2
	C
	2 C

	Mean
	3.777
	3.693
	3.570
	3.376

	S.D.
	0.001
	0.001
	0.002
	0.003
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Figure 1.
Typical Cell Voltages During Discharge At Different Rates

3.3 TEMPERATURE TESTS


The discharge capacities of five further cells were measured at five temperatures in addition to 20 oC, all at the C / 5 rate. Table 3 shows the mean discharge capacities and voltages, and Figure 2 shows some typical discharge curves. The individual cell capacities were greater than the rated capacity for all temperatures, except for two cells at – 30 oC which were still significantly above the target value.


Table 3.  
Summary Of Cell Performance During Temperature Tests

	
	Discharge Capacity / A hr

	
	+55 oC
	+20 oC
	0 oC
	-10 oC
	-20 oC
	-30 oC

	Mean
	5.402
	5.464
	5.506
	5.434
	5.386
	5.241

	S.D.
	0.014
	0.003
	0.003
	0.017
	0.033
	0.132

	
	Average Discharge Voltage / V

	
	+55 oC
	+20 oC
	0 oC
	-10 oC
	-20 oC
	-30 oC

	Mean
	3.787
	3.779
	3.726
	3.654
	3.535
	3.315

	S.D.
	0.001
	0.001
	0.004
	0.013
	0.031
	0.068
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Figure 2.
Typical Cell Voltages During Discharge At Different Temperatures

4 Storage Tests

4.1 RETENTION AND RECOVERY TESTS


The discharge capacities of five cells were measured after twenty eight days storage at 20 oC in the charged state (retention). The cells were then charged and discharged again (recovery). Table 4 shows the mean and standard deviation values. Although the retained and recovered values were slightly lower than the initial discharge capacities (around 5.465 A), they were still greater than the rated capacity.


Table 4.  
Cell Performance During Retention And Recovery Tests

	Cell
	Charge Retention
	Recharge
	Charge Recovery

	No.
	/ A hr
	/ % Rated
	/ A hr
	/ A hr
	/ % Rated
	/ W hr
	Vave / V

	Mean
	5.256
	101.1
	5.351
	5.367
	103.2
	20.27
	3.777

	S. D.
	0.005
	    0.1
	0.002
	0.002
	    0.0
	  0.01
	0.001


4.2 LONG TERm STORAGE


Five cells were stored in the discharged state at 20 oC for 370 days. Following a change in the test specification, five further cells were stored in the discharged state at 40 oC for 90 days. Table 5 shows the mean and standard deviation values of the cell voltages after storage, and the results from a charge and discharge cycle. The discharge capacities were all well above the rated cell capacity. For the test at 20 oC, the capacities were higher than the capacities measured on receipt. For the tests at 40 oC, the capacities were very close to the initial cell capacities before storage. However, for these cells, the average discharge voltages were reduced by around 3 mV.


Table 5.  
Results Of Long Term Storage Tests

	Cell
	OCV
	Charge
	Charge Recovery

	No.
	/ V
	/ A hr
	/ A hr
	/ % Initial
	/ W hr
	Vave / V

	20 oC
	3.298
	5.527
	5.522
	101.0
	20.86
	3.777

	365 days
	0.005
	0.003
	0.003
	    0.1
	  0.01
	0.002

	40 oC
	2.798
	5.758
	5.678
	  99.8
	21.42
	3.774

	90 days
	0.019
	0.104
	0.104
	    0.2
	  0.39
	0.001


4.3 Further STORAGE TESTS

After the initial conditioning cycle, cells were charged, and then stored at three different temperatures for different time periods. After storage, the cells were discharged (retained capacity), charged, and then discharged again (recovered capacity). Three cells were tested for each combination of temperature and storage time. Table 6 shows the average values of retained and recovered capacity, compared to rated capacity. The retained and recovered capacities are illustrated in Figures 3 and 4 respectively. The two month and six month tests used one 5.5 A hr cell and two 5.75 A hr cells, which reduced the averages against rated capacity, but not against the actual initial capacity.


Table 6.  
Summary Of Cell Performance During Temperature Tests

	Storage
	Average Capacity Retention / %
	Average Capacity Recovery / %

	Time
	Storage Temperature / oC
	Storage Temperature / oC

	/ months
	3
	20
	60
	3
	20
	60

	  1
	107.0
	105.0
	  86.9
	108.2
	107.1
	  99.1

	  2
	104.4
	101.2
	  79.0
	105.6
	104.3
	  95.0

	  3
	105.4
	101.4
	  75.2
	106.7
	105.0
	  93.4

	  6
	102.5
	  97.2
	  62.9
	104.5
	102.5
	  85.7

	12
	  99.8
	  95.3
	  39.7
	104.3
	102.2
	  68.8
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Figure 3.
Retained Discharge Capacities Of Cells After Storage
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Figure 4.
Recovered Discharge Capacities Of Cells After Storage

5 Cell Cycling


Five of the initial cells were cycled on the test regime specified as Cyc01 in Table 7. Three later cells were cycled on each of the other regimes in the table. For these tests, the first cycle, and then every fiftieth cycle used a C / 5 discharge, to allow a direct comparison to be made between the different regimes. The table shows the cell average cell capacities after five hundred cycles. Table 8 shows the actual number of cycles to 80 % and 60 % of rated capacity, on each test regimes. Various illustrative plots are given in Appendixes 3, 4 and 5.


Table 7.  
Discharge Capacity After Five Hundred Cycles

	Test
	Charge
	Discharge
	Temp.
	Mean
	S. D. 

	I. D.
	Current
	Voltage
	Current
	End
	/ oC
	/ %
	/ %

	Cyc01
	C / 3+2
	4.2 V
	C / 5
	2.75 V
	20
	  90.6
	0.7

	Cyc02
	C / 3+2
	4.2 V
	C / 2.5
	2.75 V
	20
	  92.4
	1.1

	Cyc03
	C / 3+2
	4.2 V
	C / 1
	2.75 V
	20
	  73.3
	2.1

	Cyc04
	C / 1+X
	4.2 V
	C / 1
	2.75 V
	20
	  54.0
	9.3

	Cyc05
	C / 3+2
	4.2 V
	C / 2.5 
	20 %
	20
	100.5
	0.4

	Cyc06
	C / 3+2
	4.2 V
	C / 2.5 
	50 %
	20
	  96.0
	0.9

	Cyc07
	C / 3+2
	4.2 V
	C / 2.5
	80 %
	20
	  94.3
	0.7

	Cyc08
	C / 3+2
	4.1 V
	C / 2.5
	2.75 V
	20
	  96.4
	1.2

	Cyc09
	C / 3+2
	4.2 V
	C / 2.5
	2.75 V
	55
	  25.1
	-

	Cyc10
	C / 3+2
	4.2 V
	C / 2.5
	2.75 V
	70
	    0.0
	0.0



Table 8.  
Numbers Of Cycles To 80 % And 60 % Of Rated Capacity

	Test I. D.
	Cycles To 80 % Rated Capacity
	Cycles To 60 % Rated Capacity

	Cyc01
	  615
	  618
	  644
	  947
	  912
	  931

	Cyc01
	  647
	  638
	    -
	  876
	  913
	    -

	Cyc02
	  856
	1098
	  954
	1187
	1420
	1275

	Cyc03
	  386
	  454
	  457
	  599
	  693
	  753

	Cyc04
	  266
	  155
	  309
	  443
	  247
	  545 *

	Cyc05
	2239
	2203
	1918
	2638
	2818
	2696

	Cyc06
	1727
	2039
	1677
	2060
	2336
	2059

	Cyc07
	1262
	1149
	1278
	1564
	1491
	1581

	Cyc08
	1592
	1730
	1600
	2393 *
	3208 *
	2574 *

	Cyc09 #
	  291
	  279
	  278
	  386
	  324
	  373

	Cyc10 #
	    73
	    73
	    80
	  104
	  103
	  111


    *    Values from linear extrapolation        #    All cycles except first at specified temperature

6 Safety Tests


The results of the six safety tests are summarised in Table 9. The continuous charge test involves twenty eight days on charge, limited to 4.2 V. There was no vent, fire or explosion. The individual test results are illustrated in Figure 5. The differences between the cells were due to variations in the channel calibration at very low currents.


Five cells in the charged state were subjected to the IEC shock test regime. There was no vent, fire or explosion. The same five cells then subjected to the IEC vibration test regime. Again there was no vent, fire or explosion. These cells were then used in the drop tests described in the following section.


The high temperature storage test involves 48 hours at + 75 oC, for cells in the charged state. The voltages decreased slowly during the test, but there were no other changes. Cell voltages during the test are illustrated in Figure 6. Following the high temperature storage test, the cells were subjected to the thermal shock test of 6 hours at – 20 oC, followed by 24 hours at + 20 oC. As expected, the cell voltages changed inversely with temperature, but there were no other changes. Overall, the cell voltages dropped to around 4.15 V during the tests. This was due to self discharge reactions, which occur more rapidly at elevated temperatures, and in the charged state. Cell voltages during the test are illustrated in Figure 6.


The cells from the high temperature storage and thermal shock test were then put into a vacuum oven for seven hours. The vacuum pressure achieved was < - 900 mbar, which corresponds to 11.5 kPa. There was no change in the cells during the test i.e. no venting, leakage of electrolyte, or distortion of the cell case. The residual capacities were just below 90 % of the initial discharge capacities.


Table 9.  
Summary Of Safety Test Results

	Test
	Test
	Test Results

	I. D.
	Name
	Cell #1
	Cell #2
	Cell #3
	Cell #4
	Cell #5

	5.01
	Continuous Charge
	PASS
	PASS
	PASS
	PASS
	PASS

	5.02
	Shock
	PASS
	PASS
	PASS
	PASS
	PASS

	5.03
	Vibration
	PASS
	PASS
	PASS
	PASS
	PASS

	5.04
	High Temperature
	PASS
	PASS
	PASS
	PASS
	PASS

	5.05
	Thermal Shock
	PASS
	PASS
	PASS
	PASS
	PASS

	5.06
	Altitude
	PASS
	PASS
	PASS
	PASS
	PASS
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Figure 5.
Cell Capacity During Continuous Charge Test
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Figure 6.
Cell Voltages During High Temperature Storage And Thermal Shock

7 Abuse Tests


The results of the seven abuse tests are summarised in Table 10. The IEC short circuit specification now includes tests at 20 ± 5 oC and 55 ± 2 oC [3]. Unfortunately, there was an inconsistency in the test specification, with both temperatures included in the text, but only five cells allocated for testing. The short circuit tests were therefore performed on charged cells at  55 oC, because there is greater potential for exceeding the 150 oC limit with a higher initial temperature. Plots of current and cell temperature are presented in Appendix 4.


In Appendix 4, there are figures illustrating the cell voltages during the forced discharge and high rate charge tests. The maximum temperatures reached were 33 oC and 32 oC respectively. Following the high rate charge, the cells were rested for one hour, and then discharged. The cells gave more than the rated capacity; the precise numbers are also in Appendix 4. An ICR 34600 cell fitted with the K2 top cap passed the standard overcharge test. However, the cells supplied for testing did not have a K2 top cap, and therefore failed the test. The cell voltages and temperatures during the final stage of overcharge are given in Appendix 4.


The internal short circuit test was performed by crushing the cell between two blocks of wood. Tests were performed at various pressures, because of an error in the IEC test specification document, as discussed in Appendix 4. At 0.4 ton (incorrect value), there was no detectable change in the cell, as would be expected with such a minimal pressure on a relatively robust cell. At 2.0 ton (correct value), there was also no detectable change in cell voltage or temperature. Appendix 4 includes plots of cell voltage and temperature during the 2.0 ton tests, and in further tests at even higher pressures.


After the shock and vibration tests described in the previous section, the cells were subjected to six drops of 1.0 m onto a hard wood surface. Two of the drops were from the horizontal position, two were “top up”, and two were “bottom up”. The only effect on the cells was a slight split in the blue plastic along the top edge of one cell. The results and reasons for failing the hot box test are discussed in Appendix 4.


Table 10.
Summary Of Abuse Test Results

	Test
	Test
	Test Results

	I. D.
	Name
	Cell #1
	Cell #2
	Cell #3
	Cell #4
	Cell #5

	6.01
	Short Circuit (55 oC)
	PASS
	PASS
	PASS
	PASS
	PASS

	6.02
	Forced Discharge
	PASS
	PASS
	PASS
	PASS
	PASS

	6.03
	Overcharge
	FAIL
	FAIL
	FAIL
	FAIL
	FAIL

	6.04
	High Rate Charge
	PASS
	PASS
	PASS
	PASS
	PASS

	6.05
	Crush
	PASS
	PASS
	PASS
	PASS
	PASS

	6.06
	Drop
	PASS
	PASS
	PASS
	PASS
	PASS

	6.07
	Hot Box
	FAIL
	FAIL
	FAIL
	FAIL
	FAIL


8 UN Transport Tests


The results of the UN Transport tests are summarised in Tables 11 and 12. Tests T1 to T5 were performed sequentially on the same two batches of cells. Type A were fully charged, and Type B were fully discharged. The Type B cells for the T6 and T8 tests were cycled fifty times before the test. The discharge capacities of these cells during cycling are illustrated in Appendix 5. The Type 6A cells were in a 50 % state of charge. The Types 6B, 8A and 8B cells were all fully discharged.


For test T1, the vacuum achieved in the vacuum oven was < - 900 mbar, equivalent to 11.5 kPa. There was no change in cell voltage, or the physical appearance of the cells. For test T2, the cells were cycled between + 75 oC and – 40 oC ten times, with 7.5 hours at each temperature, and 30 minutes between the two temperature extremes. The cell voltages during the test are illustrated in Appendix 5. As expected, the cell voltages change inversely with temperature, with larger voltage changes for the cells in the discharged state.


The cells were then subjected to the T3 vibration test regime in three mutually perpendicular directions, one axial and two radial. There was no vent, fire or explosion with any of the cells. Next, the cells were subjected to the T4 shock regime, also in three mutually perpendicular directions. Again, there was no vent, fire or explosion. During these two tests, there was no change in the voltage of the charged cells, as indicated in Appendix 5. Four of the ten discharged cells showed a drop in voltage after the tests.


The T5 short circuit tests were performed on cells pre-heated to 55 oC in a furnace. For reasons discussed in Appendix 5, there were problems with the short circuit test on the initial cells. However, following minor cell modifications, the replacement cells passed the short circuit test in the charged state. There was no vent, smoke or fire.


Four of the ten discharged cells appeared to have developed an internal short during the vibration tests. When connected to a digital voltage meter, their voltage dropped steadily. The other six cells were subjected to the T5 short circuit test at 55 oC. They passed a reasonable current for a few seconds, but the temperature rise was minimal. There was no vent, and no smoke or fire from the top cap area.


During the T6 impact tests, there was no detectable change in cell voltage, apart from one cell of each type with an intermittent contact problem. The cells were dented but not ruptured by the test, and there was no fire or explosion. The cell voltages during the test are illustrated in Appendix 5.

Figures for the cell voltages and temperatures during the T8 forced discharge test are also included in Appendix 5. There were noticeable differences between the fresh and cycled cells. The fresh cells showed a rapid increase in voltage after around 0.6 A hr, whereas the increase was much more gradual for most of the cycled cells. This seems to be associated with a higher maximum temperature for the cycled cells, typically 80 oC rather than 60 oC.


Table 11.
Summary Of Transport Test Results (Type A)

	Test
	Test
	Test Results

	I. D.
	Name
	Cell #1,6
	Cell #2,7
	Cell #3,8
	Cell #4,9
	Cell #5,10

	T1A
	Altitude
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T2A
	Thermal Shock
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T3A
	Vibration
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T4A
	Shock
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T5A
	External Short 
	PASS
	PASS
	PASS
	PASS
	PASS

	
	Circuit
	PASS
	PASS
	PASS
	PASS
	PASS

	T6A
	Impact
	PASS
	PASS
	PASS
	PASS
	PASS

	T8A
	Forced Discharge
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS



Table 12.
Summary Of Transport Test Results (Type B)

	Test
	Test
	Test Results

	I. D.
	Name
	Cell #1,6
	Cell #2,7
	Cell #3,8
	Cell #4,9
	Cell #5,10

	T1B
	Altitude
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T2B
	Thermal Shock
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T3B
	Vibration
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T4B
	Shock
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS

	T5B
	External Short 
	PASS
	N / R
	N / R
	PASS
	N / R

	
	Circuit
	N / R
	PASS
	PASS
	PASS
	PASS

	T6B
	Impact
	PASS
	PASS
	PASS
	PASS
	PASS

	T8B
	Forced Discharge
	PASS
	PASS
	PASS
	PASS
	PASS

	
	
	PASS
	PASS
	PASS
	PASS
	PASS


9 Conclusions


The performance of the ICR 34600 cells at different rates and temperatures was excellent. The discharge capacities were comfortably above the specification values. The storage tests also gave excellent results, with significant loss of capacity only for long term storage at     60 oC in the charged state. The cycling results depended strongly on the charge and discharge regime used. Charging at C rate, discharging at C rate, and cycling at 55 oC and 70 oC, were all detrimental to cycling performance. Charging to 4.1 V rather than 4.2 V was beneficial to cycle life, but at the expense of cell capacity.


There were no problems with the safety tests, or with most of the abuse tests. The cells were expected to fail the overcharge test in the absence of a K2 top cap, and duly did. The failure of the thermal exposure / hot box test is being addressed.
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Appendix 1 – Test Specifications


Table 13.
Performance, Safety, Abuse and UN Transport Tests

	Test I. D.
	Description
	No. of cells

	4.02
	Discharge at C / 5 rate and 20 oC
	01 - 70

	4.03
	Discharge at C / 2 rate and 20 oC
	01 - 05

	4.04
	Discharge at C rate and 20 oC
	01 - 05

	4.05
	Discharge at 2 C rate and 20 oC
	01 - 05

	4.06
	Discharge at C / 5 rate and 0 oC
	06 - 10

	4.07
	Discharge at C / 5 rate and - 10 oC
	06 - 10

	4.08
	Discharge at C / 5 rate and - 20 oC
	06 - 10

	4.09
	Discharge at C / 5 rate and - 30 oC
	06 - 10

	4.10
	Discharge at C / 5 rate and 55 oC
	06 - 10

	4.11
	Capacity retention and recovery
	11 - 15

	4.12
	Long term storage
	16 - 20

	4.13
	Cycle life
	21 - 25

	5.01
	Continuous charge
	26 – 30

	5.02
	Shock
	31 – 35

	5.03
	Vibration
	31 – 35

	5.04
	High temperature storage
	36 – 40

	5.05
	Thermal shock
	36 – 40

	5.06
	Altitude
	36 – 40

	6.01
	Short circuit
	41 – 45

	6.02
	Forced discharge
	46 – 50

	6.03
	Overcharge
	51 – 55

	6.04
	High rate charge
	56 – 60

	6.05
	Internal short circuit
	61 – 65

	6.06
	Drop
	31 – 35

	6.07
	Hot box
	66 – 70

	T1
	Altitude
	A   71 –   80, B   81 -   90

	T2
	Thermal shock
	A   71 –   80, B   81 –   90

	T3
	Vibration
	A   71 –   80, B   81 –   90

	T4
	Shock
	A   71 –   80, B   81 –   90

	T5
	External short (55 oC)
	A   71 –   80, B   81 -   90

	T6
	Impact
	A   91 –   95, B   96 - 100

	T8
	Forced discharge
	A 101 – 110, B 111 - 120



Table 14.
Specifications For Performance and Safety Tests

	Test I. D.
	Specification

	4.01
	Standard charge :- at C / 3 to Vmax, then held at Vmax for two further hours.

	4.02 – 4.05
	Cell discharged at C / 5 to Vmin, charged, kept at rest for 1 – 24 hours, and then discharged at required rate to Vmin (all at 15 –      25 oC).

	4.06 – 4.10
	Cell discharged at C / 5 to Vmin, and charged (all at 15 – 25 oC). Kept at rest and required temperature for 4 hours, then discharged at C / 5 rate to Vmin 

	4.11
	Cell discharged at C / 5 to Vmin, and charged. Kept at rest for  28 days, then discharged at C / 5 rate to Vmin. Kept at rest for 1 – 24 hours, charged and then discharged at C / 5 to Vmin (all at 15 –    25 oC).

	4.12
	Cell discharged at C / 5 to Vmin, charged, kept at rest for 1 – 24 hours, and then discharged at C / 5 to Vmin.

A) Stored for 365 days at 15 – 25 oC

B) Stored for   90 days at 40 ± 2 oC

Then charged and discharged at C / 5 to Vmin (at 15 – 25 oC). If the discharge capacity is less then specification, up to four further charge and discharge cycles may be performed.

	4.13
	Cell discharged at C / 5 to Vmin, charged, kept at rest for 1 – 24 hours, and then discharged at C / 5 to Vmin. Then charged (standard) and discharged (C / 5 to Vcyc) repeatedly until discharge capacity reaches minimum value (all between 15 – 25 oC).

	5.01
	Cell discharged at C / 5 to Vmin, charged, then kept on charge at Vmax for 28 days (all at 15 – 25 oC).

	5.02, 5.03, 6.06
	Cell discharged at C / 5 to Vmin, and charged. IEC shock test. IEC vibration test. Six drops of 1.0 m onto a hard wood floor, with two drops per plane (all at 15 – 25 oC).

	5.02
	IEC shock test :- secure cell in a rigid mount and apply three equal shocks normal to the side, and normal to the top or bottom. The average acceleration during the initial 3 ms should be > 75 gN, and the peak acceleration should be 125 – 175 gN.

	5.03
	IEC vibration test :- secure cell in a rigid mount and apply a simple harmonic motion normal to the side, and normal to the top or bottom. The amplitude should be 0.8 mm, the harmonic motion should change at a rate of 1 ± 0.55 Hz per minute, and the frequency limits should be 10 Hz and 55 Hz.

	5.04, 5.05, 5.06
	Cell discharged at C / 5 to Vmin, and charged. Held in an air oven at 75 ± 2 oC for 48 hours, then at – 20 ± 2 oC for six hours, followed by 24 hours at 15 – 25 oC. Finally, six hours in a chamber with a pressure less than 11.6 kPa, also at 15 – 25 oC.



Table 15.
Specifications For Abuse Tests

	Test I. D.
	Specification

	6.01
	Cell discharged at C / 5 to Vmin, and charged. Connected to a resistive load of less than 50 m, and kept shorted until cell voltage < 0.1 V and cell temperature back to ambient (15 – 25 and 55 oC).

	6.02
	Cell discharged at C / 5 to Vmin, and charged. C / 5 discharge for 12.5 hours, with no minimum voltage (all at 15 – 25 oC).

	6.03
	Cell discharged at C / 5 to Vmin, charged, and discharged at C / 5 to Vmin. Kept at rest for 1 – 24 hours, then charged at C / 3 for   7.5 hours, using a power supply with a minimum voltage > 10 V (all at 15 – 25 oC).

	6.04
	Cell discharged at C / 5 to Vmin, charged, and discharged at C / 5 to Vmin. Kept at rest for 1 – 24 hours, then charged at C rate to  100 % of rated capacity, with no voltage limit (all at 15 – 25 oC).

	6.05
	Cell discharged at C / 5 to Vmin, and charged. Cell crushed between two parallel blocks of “hard” wood (minimum thickness 12.7 mm) to a force of 13 kN, and held for one minute (all at 15 – 25 oC).

	6.07a
	Cell discharged at C / 5 to Vmin, and charged. Placed in a gravity convection or circulating air oven pre-heated to 130 ± 2 oC. Kept in oven at 130 ± 2 oC for a further 2 hours.

	6.07b
	Cell discharged at C / 5 to Vmin, and charged. Placed in a gravity convection or circulating air oven and heated at 5 ± 2 oC a minute to 130 ± 2 oC. Oven kept at 130 ± 2 oC for a further 2 hours.



Table 16.
Safety and Abuse Test Pass Requirements

	Test I. D.
	Pass Requirement

	5.01 – 5.06
	No leakage, no venting, no explosion, no fire

	6.01
	No explosion, no fire, the cell exterior temperature < 150 oC

	6.02
	No explosion, no fire

	6.03
	No explosion, no fire

	6.04
	No explosion, no fire

	6.05
	No explosion, no fire

	6.06
	No venting, no explosion, no fire

	6.07
	No explosion, no fire



Table 17.
Specifications For UN Transport Tests

	Test I. D.
	Specification

	T1
	At least six hours at a pressure less than 11.6 kPa, at 15 – 25 oC.

	T2
	At least six hours at 75 ± 2 oC, followed by at least six hours at – 40 ± 2 oC, repeated ten times, followed by 24 hours at 15 – 25 oC. The maximum time between the temperature limits is 30 minutes.

	T3
	Secure cell in a rigid mount and apply a sinusoidal waveform in three perpendicular directions, including normal to the top or bottom. The frequency should change at a rate of around 30 Hz per minute, traversing from 7 Hz to 200 Hz and back to 7 Hz twelve times in three hours. A peak acceleration of 1 gN is used between 7 Hz and 18 Hz, an amplitude of 0.8 mm is used between 18 Hz and ~ 50 Hz, and a peak acceleration of 8 gN is used up to 200 Hz.

	T4
	Secure cell in a rigid mount and apply three forward and three reverse half-sine shocks in three mutually perpendicular directions i.e. eighteen shocks in total. The peak acceleration should be 150 gN, and the pulse duration shall be 6 ms.

	T5
	Stabilise the cell at 55 ± 2 oC, then apply a short circuit with a resistance of < 0.1 . The short is continued until an hour after the cell has returned to 55 ± 2 oC, and the cell should be observed for a further six hours.

	T6
	Drop a weight of 9.1 kg a height of 61 ± 2.5 cm onto a metal bar, diameter 15.8 mm, positioned on top of the cell and perpendicular to the longitudinal axis.

	T8
	Discharge cell to 100 % of rated capacity using a power supply limited to 12 V and Imax, at 15 – 25 oC. Cell to be in series with a resistor; resistance  = 12 V / Imax, power rating > 12 V x Imax.

	T1 – T5
	A = fully charged state
        B = fully discharged, at first cycle

	T6
	A = 50 % charged
        B = discharged, after 50 cycles

	T8
	A = fully discharged 
        B = discharged, after 50 cycles



Table 18.
UN Transport Test Pass Requirements

	Test I. D.
	Pass Requirement

	T1, T2, T3, T4
	No mass loss, no leakage, no venting, no disassembly, no rupture, no fire. For charged cells, OCV after testing > 90 % of prior OCV.

	T5
	No disassembly, no rupture, no fire (all within six hours of this test), the cell external temperature < 170 °C

	T6
	No disassembly, no fire (both within six hours of this test), the cell external temperature < 170 °C

	T8
	No disassembly, no fire (both within seven days of the test).


Appendix 2 – Cell Specifications


Table 19.
AGM Batteries Ltd. ICR34600 Basic Cell Specification

	Parameter
	Specification

	Maximum diameter
	  34
	mm

	Maximum length
	  60
	mm

	Maximum weight
	125
	g

	Minimum capacity
	    5.2
	A hr

	Maximum charging current (C / 3)
	    1.733
	A

	Maximum discharge current (Imax)
	  10.0
	A

	Maximum charging voltage (Vmax)
	    4.20
	V

	Minimum discharge voltage - capacity tests (Vmin)
	    2.50
	V

	Minimum discharge voltage – cycling (Vcyc)
	    2.75
	V



Table 20.
Performance Targets

	Test I. D.
	Description
	Target

	4.02
	Discharge at C / 5 rate and 20 oC
	100 %

	4.03
	Discharge at C / 2 rate and 20 oC
	  98 %

	4.04
	Discharge at C rate 20 oC
	  95 %

	4.05
	Discharge at 2 C rate and 20 oC
	  93 %

	4.06
	Discharge at C / 5 rate and 0 oC
	  90 %

	4.07
	Discharge at C / 5 rate and - 10 oC
	  85 %

	4.08
	Discharge at C / 5 rate and - 20 oC
	  80 %

	4.09
	Discharge at C / 5 rate and - 30 oC
	  60 %

	4.10
	Discharge at C / 5 rate and 55 oC
	  90 %

	4.11
	Capacity retention after 28 days storage
	  80 %

	4.11
	Capacity recovery after 28 days storage
	  85 %

	4.12
	Capacity recovery after 365 days storage
	  70 %

	4.13
	Capacity retention after 500 cycles
	  60 %

	5.01 – 5.06
	Safety Tests
	Pass

	6.01 – 6.07
	Abuse Tests
	Pass

	T1 – T6, T8
	UN Transport Tests
	Pass


Appendix 3 – Cycling Plots
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Figure 7.
Effect Of Discharge Rate On Discharge Capacity (I)
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Figure 8.
Effect Of Discharge Rate On Discharge Capacity (II)

[image: image9.wmf]0

1

2

3

4

5

6

0

500

1000

1500

2000

2500

3000

Cycle Number

Discharge Capacity / A hr



100 % DoD





  80 % DoD





  50 % DoD





  20 % DoD



Figure 9.
Effect Of Depth Of Discharge On Discharge Capacity (I)
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Figure 10.
Effect Of Depth Of Discharge On Discharge Capacity (II)
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Figure 11.
Effect Of Charging Conditions On Discharge Capacity (I)
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Figure 12.
Effect Of Charging Conditions On Discharge Capacity (II)
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Figure 13.
Effect Of Cycling Temperature On Discharge Capacity
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Figure 14.
Selected Discharge Curves During Cycling At C/3+2, C/5
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Figure 15.
Typical Discharge Curves At Cycle 300

(Charge 4.2 V, C/3+2, discharge 2.5 V, C/2.5, except as stated)
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Figure 16.
Typical Discharge Curves At Cycle 500

(Charge 4.2 V, C/3+2, discharge 2.5 V, C/2.5, except as stated)

Appendix 4 – Abuse Test Results


The force specification in the revised IEC crush test is 1.14 kN [3], which corresponds to a “pressure” of only 0.1095 ton. This compares to 13 kN in previous drafts of the IEC test, and in the equivalent UL 1642 crush test. After the tests had been performed, it was discovered that there was an error in the IEC test document, and the correct pressure should be 13 kN [4]. Fortunately, further tests had been performed above 1.14 kN.


The minimum pressure gauge reading on the 10 ton hydraulic press used with the crush apparatus is 0.4 ton, so this was used in the “official” tests. Further tests were then performed at 1.0 and 2.0 ton; the latter is comfortably above the 13 kN correct pressure. After these experiments, the cells were tested at even higher pressures. A reading of 4.0 ton was required to produce noticeable deformation of the cell. At 5.0 and 6.0 ton, the cell vent was ruptured, but there was no short circuit or significant temperature increase. At 7.0 ton, an internal short was created, and one of the two cells caught fire. When the cells vented, the thermocouple was affected by the electrolyte (liquid or vapour).


The hot box test involves holding charged cells at a temperature of 130 oC for 30, 60 or 120 minutes (depending on which version of the test specification is consulted). For operator safety, the test was generally performed by heating the oven up from room temperature, rather than by placing cells into a pre-heated oven. In the following figures, the point at which the cell temperature reached 130 oC was taken as time zero. For four of the five initial cells, the voltage dropped suddenly after 10 – 15 minutes at 130 oC. This was followed by an increase in cell temperature, over and above the oven temperature, and then a rapid increase in cell temperature. At this point, smoke and / or flames were observed emerging from the hot box.


One of the cells (8149) did not show the voltage drop, and there was no temperature rise. The rate of heating as this cell approached 130 oC was also lower then the test specifies. The test was therefore repeated on a further cell (8231), this time with the oven pre-heated to 130 oC. In spite of this, the cell still took a considerable time to reach 130 oC. Moreover, the cell voltage dropped, the cell temperature increased, and the cell eventually caught fire. It appears that the operation of the mono-laminate shutdown separator leads to an internal short circuit, which causes internal heating and eventually thermal runaway.


Table 21.
Effect Of High Rate Charge Test On Cell Performance

	Cell
	“Charged”
	Discharge / A hr
	Coulombic

	I. D.
	OCV / V
	Subsequent
	Initial
	Efficiency / %

	8186
	4.158
	5.225
	5.461
	100.5

	8187
	4.165
	5.226
	5.421
	100.5

	8188
	4.160
	5.218
	5.441
	100.3

	8189
	4.165
	5.233
	5.420
	100.6

	8190
	4.161
	5.234
	5.418
	100.7
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Figure 17.
Cell Currents During Short Circuit Tests
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Figure 18.
Cell Temperatures During Short Circuit Tests
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Figure 19.
Cell Voltages During Forced Discharge Test
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Figure 20.
Cell Voltages During High Rate Charge Test
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Figure 21.
Cell Voltages During The Key Stages Of The Overcharge Test
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Figure 22.
Cell Temperatures During The Key Stages Of The Overcharge Test

[image: image23.emf]4.185

4.190

4.195

4.200

0 1 2

Time / min

Cell Voltage / V

8221 8222 8223 8224 8225

Pressure

Increase

One Minute At Specified Pressure



Figure 23.
Cell Voltages During The Crush Test
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Figure 24.
Cell Temperatures During The Crush Test
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Figure 25.
Cell Voltages During Crush At Much Higher Pressures
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Figure 26.
Cell Temperatures During Crush At Much Higher Pressures
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Figure 27.
Cell Voltages During Hot Box Test At 130 oC
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Figure 28.
Cell Temperatures During Hot Box Test At 130 oC

Appendix 5 – UN Transport Test Results


As part of continuing improvements in the cell design, minor modifications were made after the start of the T tests. The T5 short circuit test was therefore performed on ten new cells in the charged state. Results for these cells are presented amongst the following figures. The cells were not subjected to the tests T1 – T4, which is a variation to the standard test procedure. However, the cells were freshly charged, unlike the original test cells, which had been charged several weeks before the short circuit test.
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Figure 29.
Discharge Capacity Of Cells During Cycling Prior To Testing
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Figure 30.
Cell Voltages During Thermal Cycling
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Figure 31.
Cell Voltages For Charged Cells During Tests T1 – T4
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Figure 32.
Cell Current During Short Circuit Of Replacement Charged Cells
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Figure 33.
Cell Current During Short Circuit Of Initially Discharged Cells
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Figure 34.
Cell Temperature During Short Circuit Of Charged Cells
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Figure 35.
Cell Temperature During And After Short Circuit Of Charged Cells
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Figure 36.
Effect Of Impact On Voltage Of Fresh Cells

[image: image37.emf]3.3

3.4

3.5

0 1 2 3 4

Time / min

Cell Voltage / V

8136 8137 8138 8139 8140

Impact



Figure 37.
Effect Of Impact On Voltage Of Cycled Cells
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Figure 38.
Calculated Cell Voltage During Forced Discharge Of Fresh Cells
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Figure 39.
Calculated Cell Voltage During Forced Discharge Of Cycled Cells
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Figure 40.
Cell Temperature During Forced Discharge Of Fresh Cells
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Figure 41.
Cell Temperature During Forced Discharge Of Cycled Cells
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