Instructions — DC/AC

The files come in three different extensions, compatible with notepad: .RES, .SEB and .SER.
The file .RES contains data for resistivity measurements, both AC and DC. The .SEB files contain all
measurement points for Seebeck coefficient. The .SER files contain calculated values of Seebeck
coefficients.

The typical format of the .RES file looks as follows:

HEOX CoCrFeMnNi 32 Cubez
27.10.2018 12:43:28

3.88 1.43 8.30 ‘Sample Dimensions A x B x Length [mm]
98 "Number of data
Point Time [s] Templ[®°C] Temp2[°C] voltage[+V] Current[+A] Voltage[-V] cCurrent[-A] Resistance[ohm] Resistivity[ohm x m]

1 10 23.639 23.561 1.76838E-01 2.60897E-85 6.77809E+03 4.53103094E+00
1 17 23.639 23.564 3.53734E-01 3.13822E-05 1.12717E+04 7.53498684E+00
1 24 23.636 23.573 5.30544E-01 3.31256E-05 1.60161E+04 1.07064966E+01
1 30 23.638 23.568 7.07710E-01 3.28047E-05 2.15734E+04 1.44214414E+01
1 37 23.641 23.567 1.06138E+00 3.41099E-05 3.11164E+04 2.08007620E+01
1 a7 23.610 23.548 5.00928E-01 1.48843E-86 -4.98762E-01 -1.43735E-06 3.41682E+05 2.28408521E+02
1 55 23.618 23.540 7.50926E-01 2.19291E-@6 -7.48552E-@1 -2.19149E-06 3.42003E+05 2.28622641E+02
1 64 23.609 23.541 1.00067E+00 2.96739E-06 -9.98357E-01 -2.94914E-06 3.37871E+05 2.25B60954E+02
1 72 23.602 23.538 2.00021E+08 5.84877E-86 -1.99795E+0@ -5.B6O77E-06 3.41678BE+85 2.28405557E+02
1 81 23.598 23.538 2.,99940E+08 B.B2873E-06 -2.99718E+@@ -8.77577E-06 3.4062BE+05 2.27703330E+02
2 2418 41.016 48.015 1.76828E-91 2.90994E-05 6.07667E+03 4.96214488E+00
2 2425 41.020 40.030 3.53704E-01 2.7347QE-05 1.29339E+04 8.6460828BE+00
2 2433 41.016 40.020 5.30496E-01 3.03198E-05 1.74967E+04 1.1696214BE+01
2 2441 41.024 48.832 7.87632E-01 2.95298E-85 2.39633E+04 1.60190514E+01
2 2449 41.012 40.023 1.06126E+0@ 2.78561E-85 3.80980E+04 2.54678360E+01
2 2460 41.015 48.031 5.08721E-01 2.73246E-06 -4.98652E-01 -2.70269E-06 1.83872E+05 1.22915373E+02
2 247@ 41.017 40.024 7.50691E-01 4.08501E-06 -7.483B3E-01 -4.02823E-06 1.84769E+05 1.23514581E+82
2 2482 41.008 40.028 1.00039E+00 5.37246E-06 -9.98134E-01 -5.36715E-06 1.86089E+05 1.24396993E+02
2 2491 41.01@ 48.042 1.99967E+08@ 1.8726@E-05 -1.99749E+00 -1.087949E-@5 1.85733E+05 1.24159365E+82
2 2501 41.003 49,033 2,99863E+00 1.61598E-05 -2.99646E+20 -1.61688E-05 1.85442E+05 1.23964922E+02

Fig. 1. An exemplary .RES file.

Sample's dimensions

1st column - temperature point, since we use 5 different voltages for both AC and DC, the total
number of rows is 10 - 1-5 are AC, 6-10 - DC

2nd column - time of the measurement

3rd column - temperature on the electrode with heater

4th column - temperature of the reference electrode

5th column - voltage

6th column - current

7th column - voltage for the second run with opposite polarization (only DC)
8th column - current for the second run with opposite polarization (only DC)
9th column - resistance (total)

10th column - resistivity (normalized with respect to the sample's size)

The .RES files are necessary to calculate the conductivity of our samples, and to plot the Arrhenius
relation. The conductivity can be calculated as:

|
AR
Since in our case, we already have the value normalized with respect to the sample's dimensions,
we can use the values of resistivity from 10th column directly:

o (1.1

1
o=— (1.2)
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Then, we have to use the Arrhenius equation:

ol =0, exp(— FE; j (1.3)

Taking the natural logarithm:



InoT =Ino, -

a
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Now, what we have to do, is to plot this relation in a Ina7(1/T) coordinates. Then, we will see that the
relation has a linear character, which may change with the temperature. Usually, we observe 2 or 3
separate stages, characterized by different slopes. For each stage, we should perform a linear
regression, obtaining in the process the value of energy of activation, characteristic for a given stage.

In each .RES file a whole history of the measurement is saved. That means that the data can be from
two different runs: from room temperature to 1000 °C, and back from 1000 °C to room temperature.

The typical format for the .SEB file looks as follows:

HEOX CoCrFeMnNi 32 Cubel

24.1@.2018 11:02:1@

986 ‘Number of data
Templ[°C]

Point Time[s]
339

=

2 347
3 356
a4 366
5 375
6 383
7 391
8 400
a 41@
1e 419
11 3521
17 3534

1st column - measurement point (for each temperature point, 10 measurements are performed)

20.
21.
21.
22.

Fig. 2. An exemplary .SEB file.

2nd column - time of the measurement

3rd column - temperature on the electrode with heater

29
19
80
56

Temp2[°C]
20.29
20.38
28.34
26.39

4th column - temperature of the reference electrode
5th column - the difference between these temperatures AT

6th column - measured potential 4V

7th column - number of temperature point

The Seebeck coefficient S is defined as:

calculate the slope of the resulting function:
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Fig. 3. An exemplary determination of Seebeck coefficient.

Similarly as previously, in each .SEB file a whole history of the measurement is saved. That means
that the data is in fact for two different runs: from room temperature to 1000 °C, and back from
1000 °C to room temperature.

The results from procedure shown in the Fig. 3 are compiled for all temperature points in .SER
file:

Typical format for the .SER file looks as follows:
HEOX CoCrFeMnNi 32 Cube1l
24.10.2018 11:02:10
98 'Number of data
Point Templ[K] Seebeck Coef.[pVv/K] Linear Correlation

1 20.29 -1.15788982647E+0002 -0.9604344083
2 39.76 -1.19591305869E+0002 -0.9960943037
3 58.50 -1.27278201104E+0002 -9.9986102194
a 77.43 -1.23725613288E+0002 -0.9939513105
5 96.75 -1.18953400778E+0002 -0.9977514413
6 116.78 -1.57122387225E+0002 -0.7787262770
7 136.48 -1.11472774304E+0002 -0.9956008150
8 155.98 -1.13486457611E+0002 -9.9950321658
9 176.40 -1.13519667196E+0002 -0.9945490583
10 196.98 -1.14162716573E+0002 -0.9951667482
11 217.56 -1.12525713046E+0002 -0.9969780447

Fig. 4. Exemplary .SER file.

1st column - temperature point

2nd column - temperature

3rd column - value of Seebeck coefficient

4th column - value of the R? correlation factor

A typical way of determining the potential of a given material in the thermoelectric
application, is to calculate its figure of merit ZT:

oS°T
K
where: o - electrical conductivity, S - Seebeck coefficient, T - temperature, and x - thermal
conductivity (remember about the common units!).

7T = (1.6)

Except for the last property, all other can be extracted from the .RES and .SEB file. The x can be
calculated for the spinel samples 32 and 36, using the following equation:

x[WmK ™| = 443174T %% 1.7.3970 (1.7)

What is to be done:

- calculate conductivity and plot the Arrhenius relation for 4 different measurements runs (remember,
we have 2 per file)

- calculate the energies of activation for each plot and for each distinct stage (if two or more different
slopes are present)

- plot the temperature dependence of Seebeck coefficient for each of the measurements (remember,
that the .RES files and .SER files of the same name refer to exactly the same measurement)



- using the values of o, S, and T, as well as relations (1.6) and (1.7), calculate the ZT for samples 32
and 36.

In the report there should be:

- 4 figures with Arrhenius plots

- 4 tables with the values of energies of activation for each measurement

- 4 tables and 4 figures with ZT(T) for each of the measurements - only samples 32 and 36.
- a few words of comment, maybe comparison with some literature values - "impress me"
32 - (Co,Cr,Fe,Mn,Ni)304

36 - (Co,Cr,Fe,Mn,MQ)304

Instructions — EIS

In the excel file “117” there are 4 sheets, each with 3 columns: frequency (f), resistivity (Z’) and
reactance (Z”). The results were measured at four consecutive temperature points (150, 200, 250 and
300°C, as indicated in the sheets’ names) for the (Ce,Gd,Nd,Pr,Sm)O,.; material. In the next file
“EIS”, a solver with an implemented solution for the following equivalent circuit is prepared:

R1 R2

| |CPE1 | |CPE2

Fig. 4. Equivalent circuit for the (Ce,Gd,Nd,Pr,Sm)Oy.5,

As can be seen, we can distinguish two R-CPE circuits. The first of them describes the properties of
the bulk, while the second of the grain boundaries in the material. The CPE abbreviation stands for the
constant phase element, which describes non-ideal behavior of the capacitor:

ZCPE = .—a (18)
C(jo)
Where C — non-ideal capacity, a — constant. For the values of o equal to 1, our CPE behaves like an
ideal capacitor, for the values equal to 0 — like a resistor.

In order to find the values of resistivity and capacity characteristic for the bulk and grain boundary
conductivity, we have to run an optimization of our experimental results. To perform this operation,



we have to copy the Z’ and Z” values from the “117” to columns C and D in “EIS” file (highlighted in
green). Then, we can start the comparison of the theoretical values with the experimental ones. In
columns M to P, are the starting parameters for our optimization (highlighted in yellow). All values,
except for o, are given as exponents, based on which are calculated the final values (blue).

So, first, we copy the values from “117” to green columns:

A B C D E F G H 1 ) K L M N 0 [ Q R s
1 f @ Texp | Texp | T'exp |7 model |7 model|-I'model| AL o o
2 T |s28318s 1384,494 | 5508,948 |-0,134845| 0,134845 | 49E+10 [suna | IEDERSEIN 083657938 | 0,809134
3 [ 1.165914] 7.325656 2135236 | 508,942 |-0,152765| 0,152765 | 5,85E+10 C,
4 | 1.359356 | 8,541088 563,1458 | 508,935 |-0,173066| 0,173066 | 5,84E+10
5 | 1.5848939.958178 -8,743301 | 5508,928 [-0,196065] 0,194065 | 5,82E+10
6 | 184785 | 11.61038 199862 | 5508919 |-0.222121] 0,222121 | 5,836+10
7 2154435 | 1353671 1270,533 | 5508,909 | -0,25164 | 0,25164 | 5,89E+10
8 [ 2511886 | 1578265 -420,2352 5508,897 |-0,285083 | 0,265083 | 5,79E+10 Zexp VS Zmodel

9 | 2928645 | 18,40122 731,6815 | 5508,885 |-0,322949| 0,322969 | 5,74E+10 70000
10 | 3414545 | 21,45424 2418,342 | 5508,87 |-0,365891 0,3658%1 | 5.73E+10
11 | 3.981072 | 25,01381 1677,195 | 5508,853 |-0.414518| 0,414518 | 5,74E+10 60000

12 | 4.641589 | 29,16398 1827,197 | 5508,835 |-0,469607 | 0,4694607 | 5,83E+10

13 | 5411695 | 3400268 3533494 | 5508,813 |-0,532016| 0,532016 | 5.78E+10 20000

14 | 6309573 | 3964422 2686,155 | 5508,78% | -0,60272 | 0,60272 | 5.75E+10 — 40000

15 | 7.356423 | 46,22177 1860,567 | 5508,762 |-0,682819| 0,682819 | 5,75E+10 S —8— Zmodel
16 | 8.576959 | 5389062 3423,608 | 5508,731 |-0,773562| 0,773562 | 5,79E+10 ~ 30000

17 10 62.83185 3671,135 | 5508,696 |-0,876363| 0876363 | 5.77E+10 e
18 | 11.65914 | 73,25656 1585,032 | 5508,657 |-0.992823| 0,992823 | 5,74E+10 20000

19 | 13.59356 | 8541088 3107,188 | 5508,612 |-1,124756| 1,124756 | 5.79E+10 10000

20 | 15.84893 | 99.58178 2778161 | 5508,561 |-1,274216| 1274216 | 5,71E+10

21| 18,4785 | 1161038 3369.367 | 5508,503 |-1,443531 | 1443531 | 5,7E+10 [ ]

22 | 21,54435 | 135,3671 5305,511 | 5508,438 |-1,635336 1,635336 | 5.71E+10 0 50000 100000 150000 200000 250000 300000

23 | 25.11886 | 157,8265 4888,335 | 5508,364 |-1,852614| 1852614 | 5,7E+10 z'[a]

24 | 29.28645 | 184,0122 5528915 | 5508,28 |-2,098744| 2,098746 | 5,68E+10

25 | 3414545 | 214,5424 8049199 | 5508,184 |-2,377557 | 2,377557 | 5,67E+10

26 | 39.81072 | 250,1381 7612,01 | 5508,077 |-2,693381 | 2,693381 | 5,6E+10

27 | 4641587 | 291,63%6 8204,885 | 5507,954 |-3,051122| 3051122 | 5,56E+10

28 | 54.11695 | 340,0268 10271,59 | 5507,815 |-3,456332 | 3,456332 | 5,61E+10

29 | 43.09573 | 396,4422 115131 | 5507,658 |-3,915294 | 3,915296 | 5,52E+10

Then, we try to set the values in yellow cells, to get our “Zmodel” plot to similar ranges as the
experimental “Zexp” (just similar, not identical):

A B c D E F G H 1 J K L a R s
1 1 @ 1 exp Iexp | -I'exp | I'model | I"model |-Z" model a2
2 T [6283185 1384.4%4 | 2583427 | -445,5061 | 4455061 | 9.96+08 suma _ |NENEN
3 [1.165914]7.325656 2135,236 | 258323,3 | -503.851 | 503,551 | 124€+08
4 | 1.359356 | 8541088 563,1458 | 2583013 |-549.1335] 569,1335 | 1256+08
5 [ 1.684893 | 9.958178 -8.743301 | 258276,4 |-643,2256 | £43,2056 | 1,34E+08
6 | 184785 | 1161038 1928,62 | 258248,1 |-726,9224] 726,9224] 1,28E+08
7 [ 2154435 1353671 1270,533 | 258216 |-821,4572|821,4572 | 1E+08
8 [ 2511886 1578265 -420,2352| 2581795 |-928,2188 | 928,2188 | 1,46E+08 Zaxp VS Zmadel
9 [2.528445| 1840122 7316815 | 258138 |-1048,769] 1048.769 | 1696+08 70000
10 [3.414549 | 21,45424 2418,342 | 258090,9 |-1184,864] 1184864 | 176E+08
11 [ 3981072 | 2501381 1677,195 | 258037,2 |-1336,478 | 1338,478 | 1.7E+08 60000
12 | 4641589 | 29,14396 1827,197 | 257976,1 |-1511,822| 1511,822 | 1,22E+08
13 | 5.411696 | 34,00268 353,3494 | 267906.5 | -1707.38 | 1707.38 | 1.46E+08 S0
14 [ 6,309573 | 39,64422 2686,155 | 257827,1 |-1927.928] 1927.928 | 1,58E+08 — 40000
15 | 7.356423 | 46,2217 1860,567 | 257736,4 |-2176,573| 2176,573 | 1,556+08 £ —a—Zmodel
16 | 8,576959 | 53,89062 3423,608 | 2576328 |-2456,779| 2456,779 | 1,356+08 ™ 30000
17| 10 [62.83185 3671.135 | 257514,2 |-2772.403] 2772.403 | 1.4E+08 e
18 [ 11.65914 73,2656 1586082 | 267378,2 | -3127.73 | 3127.73 | 154E+08 20000
19 [13,59356 | 85,41088 3107,188 | 257222,3 |-3527.,502| 3527502 | 1,226+08 10000
20 [ 1584893 | 99,58178 2778,181 | 257043,1 |-3976,954] 3976,954 | 1,59E+08
21| 18,4785 | 11,1038 3369.367 | 256836,8 |-4481.834| 4481834 | 1 59E+08 0
22 [ 21,54435 | 1353671 5305,511 | 254599,1 |-5048,422 | 5048,422 | 148E+08 0 50000 100000 150000 200000 250000 300000
23 [25,11886 | 157,8265 4888,335 | 256324,7 |-5683,535] 5683,535 | 1,48E+08 7]
24 2928645 | 1840122 5528,915 | 254007,3 |-6394,513] 6394,513 | 1, 51E+08
25 [ 34,1454 | 214,5424 8049,199 | 2686397 |-7189,177| 7189,177 | 1.49E+08
26 | 39.81072 | 250,1381 7612.01 | 255213,2 |-8076.751 | 8075.751 | 1.73E+08
27 [46,41589 | 291,6396 8204,885 | 254717,6 |-9062.736 | 9062.736 | 1,87E+08
28 | 54,11695 | 3400268 1027159 | 254141 |-10188,71] 1015871 | 1,42E+08
29 [ 63,09573 | 396,422 115131 | 2534695 |-11372,07 | 11372,07 | 1,79E+08

Then, we use the “solver” plug-in (“dane” menu in excel):



Pobieranie | paskiztsicanie danych Zapytania | potazenia Somawanie | Trowanie Wargazia daaych Prognora Konipekt Anaka

1
2 T
3 | 1145914
4 [ 1.359354
5 | 1.584893
[
7
8

20 1584893
21 18.4785

23 2511884
24 2928645
25 3414549

30 7356423

8 c D E F G H 1 J K L M
z T exp | I model ;

2583427 |45,

2583233 | -503,

2583013 [-5e5,]|  Vhwee L] =

BT G g O

258216 |- T — —

258179, S22 5083 P53 SMSS 7] [5 Zmodel

192862
1270.533

Podlegsiacych ograniczenion:
SM3Z < 1

2580909
1677.195 | 2580372 |-
1827.197 | 2579761 |-15
2579065 | -
2578271 |-
2577364 |-217
257432.8 |-2456,
257514.2 |-
257378.2 | -
2572223
2570431
2568348
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e Vo0 romwazywania
2560073
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254717.6 | 9082
254141 |-1015 L3 Zemkny
253463,5 | -1 1374morprroresrprrrerooy - - - -

2506866 | -12710.6 | 12710, | 1.96+08 |

w ielinicwrch
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All the setups are visible in the above figures. Our optimization is based on the least squares element
method, implemented in the column | and summarized in our target function in cell K2 (red). After
solving the task, we should get the optimized plots and final values (blue):

A B E F G H 1 J K L M N o [J Q R 5
1 f @ -I"exp |I'model|I"model|-I"model ava @ oz
2 T |s283185 1384,494 | 245252 |-308,2419] 3032419 | 3,386+08 [suma | ONNSROREN 0,87139808 | 0,802086
3 [ 1.165914] 7.325656 2135,236 | 245234,9 |-343.0205| 343,0205 | 7476104 C,
4 [1.359356 | 8,541088 563,1458 | 245215,5 |-388,0057 | 388,0057 | 3698818
5 [1.584893[9.958178 -8,743301 | 245193,5 |-438,8757 | 438,8757 | 2548965
6 | 1.84785 | 1161038 192862 | 245168.7 |-496.3957 | 496,3957 | 5384461
7 [ 2154435 | 1353671 1270,533 | 2451404 |-561.4293| 561,4293 | 9962905
8 [2.511886 1578265 -420,2352 245108,4 | -634.9506 | 634,506 | 2256567 Zexp VS Zmodel
9 2928645 | 18,40122 731,6815 | 245072,1 |-718,0576 718,0576 | 3116,813 70000
10 | 3414545 | 2145424 2418,342 | 245030.,% | -811.9879 | 811,9879 | 2606955
113981072 2501381 167,195 | 244984,1 |-918,1349| 918,1349 | 5770652 60000
12 | 4,641589 | 29,1635 1827,197 | 244531 |-1038,067 | 1038,067 | 4611366
13 [ 5411695 | 3400268 3533494 | 244870.6 |-1173,547| 1173,547 | 1755638 0000
14 [ 6.309573 | 39,64422 2686,155 | 244801,9 |-1326,657 | 1326,557 | 2089327 . 40000
15 | 7.356423 | 46,2217 1860,567 | 2447238 |-1499,319| 1499,319 | 4444545 ) —a—Zmodel
16 | 8.576955 | 5389062 3423608 | 2446348 |-1694.325 1694,325 | 5017630 N 30000
17 10 | 6283185 3671,135 | 2445334 |-1914,365| 1914,365 | 4448763 e
18 | 11.65914 | 7325656 1585032 | 244417.9 |-2162,563| 2162,553 | 7639219 20000
19 [ 13,59356 | 85,41088 3107,188 | 244286 |-2442,364| 2442,364 | 4109702 10000
20 [ 15,84893 | 99.58178 2778161 | 244135,3 | -2767.662 | 2757,662 | 120457,7
21[ 18,4785 [ 1161038 3369367 | 2439631 |-3112,731| 3112731 | 163192,9 0
22 | 21,54435 | 1353671 5305511 | 243765,% |-3512,308| 3512.308 | 34673189 0 50000 100000 150000 200000 250000 300000
23 [ 25,11886 | 157,8265 4888,335 | 243539,5 | -3961.605| 3961,605 | 1275551 zal
24 [29,28645 | 1840122 5528915 | 2432807 | -4466,33 | 446633 | 1360321
25 [ 34,14545 | 214,5424 8049,199 | 242982.9 | -5032,694| 5032,694 | 9316051
26 [ 39.81072 | 250,1381 7612,01 | 242640,3 |-5667.403| 5667.403 | 4129483
27 [ 46,41589 | 2916396 8204,885 | 2422458 |-6377.627 | 6377,627 | 4748134
28 | 54,11695 | 340,0268 10271,59 | 241790,9 |-7170,939 | 7170,939 | 9794762
29 | 6309573 | 3964422 115131 | 2412658 |-8085.204 | 8055204 | 13370290

The value in cell O3 represents the resistivity of the bulk, while the value in cell P3 describes the
resistivity of the grain boundaries. Using the eq. (1.1), we can then calculate the conductivity for both
cases, and plot the Arrhenius plots according to egs. (1.3) and (1.4). The dimensions for the sample are
as follows:

1=0.97 mm
A =52.17 mm?

What is to be done:

Perform the optimization for all 4 temperatures, save the optimized files for each of them and
attach them to the report.

Gather all plots and optimized values and put them into the report.

Recalculate the obtained resistivity values into conductivity and create Arrhenius plots, one
for the bulk and one for the grain boundaries.

Calculate the energies of activation for both mentioned processes.



