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CalPhaD method

Calculation of Phase Diagrams



Phase diagram database Gibbs energy database

CalPhaD
(Calculation of Phase Diagrams)
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Strategy:
ΔGmix = ΔHmix – TΔSmix

Think about bonds & configurations

mechanical mixture → ideal/regular solution → real solution

(two powders) mixed ordering/clustering



What happens if  is significantly 

different from 0?

Example: Solution of 50% A and 50% B

Gmix = Hmix - TSmix

• Gmix minimizes with minimum Hmix

and maximum Smix
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Example: Solution of 50% A and 50% B

Gmix = Hmix - TSmix

• Gmix minimizes with minimum Hmix

and maximum Smix

Smix maximizes when # of A-B bonds

= 2*XA*XB

Hmix minimizes with maximum

number of A-B bonds

Gmix minimizes between 0.5 and 1!

PAB

0

0 1

Gmix

Hmix

Smix

-TSmix

What happens if  is significantly 

different from 0?
 < 0



Example: Solution of 75% A and 25% B

Gmix = Hmix - TSmix

• Gmix minimizes with minimum Hmix

and maximum Smix

Smix maximizes when # of A-B bonds

= 2*XA*XB

Hmix minimizes with maximum

number of A-B bonds

Gmix minimizes between PAB,random and PAB,max!

PAB

0

0 0.5

=2XB

Gmix

Hmix

Smix

-TSmix

What happens if  is significantly 

different from 0?
 < 0



Strategy:

REAL SOLUTIONS

Ω<0 Ω>0 

Ordering Clustering

ΔGmix = ΔHmix – TΔSmix

Think about bonds & configurations

PAB

0

0 PAB,max

Gmix

Hmix

Smix

PAB,random

PAB

0

0 PAB,max

Gmix

HmixSmix

PAB,random



What could be a sensible atomic arrangement 

for BCC-Ti0.75Al0.25 at 1800K?

A)
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What could be a sensible atomic arrangement 

for BCC-Ti0.75Al0.25 at 1800K?

A)

B)

C)

D)

Intermetallic phases → Ω < 0

High T → -T∆Smix is significant for ∆Gmix
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The following atomic arrangement is 

observed for an alloy at 1500K. What could 

be a sensible atomic arrangement at 300K?



A)

B)

C)

D)

The following atomic arrangement is 

observed for an alloy at 1500K. What could 

be a sensible atomic arrangement at 300K?

Ordering (PAB > PAB,random) 

→ Ω < 0

Lower T 

→ -T∆Smix less significant for ∆Gmix

→ ∆Hmix minimization!

PAB

0

0 PAB,max

hg

Gmix,HT

Hmix

Smix

PAB,random

Gmix,LT



Application: (Ti,Al)N coatings

for cutting tools
State of the art for protective coatings on cutting tools :

1980 - 2000 TiN

Since ~2000 (Ti,Al)N coatings WHY?



Vapour phase condensation

substrate

Metal vapour (+N2)

substrate

Ti

Al

From metal vapour to solid within a fraction of 1 µs

→ Extreme quenching rates (>> 1010 °C/s)!

N2

Ti
Al
N
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Application: (Ti,Al)N coatings

for cutting tools

H increases by Al 

addition! 

But WHY?

Mayrhofer, Rachbauer, Rovere, Schneider, Protective Transition Metal Nitride Coatings

(2012).

solution or

precipitation

hardening?

???

(Ti,Al)N

TiN



Vapour phase condensation

From metal vapour to solid within a fraction of 1 µs

→ Extreme quenching rates (>> 1010 °C/s)!

Atoms cannot form two phases

TiN+AlN because of limited mobility

(non-equilibrium processing).

What do we learn from the phase

diagram?

NOTHING AT ALL!?

Wait: Please sketch the G(x) 

curves at T = 250°C.

cubic-TiN

hex-AlN

+hex-AlN

cubic-TiN

substrate

Ti
Al
N

Liquid

Liquid+hex-AlN

Liquid+c-TiN



cubic-TiN

hex-AlN

+hex-AlN

cubic-TiN

Liquid

Liquid+hex-AlN

Liquid+c-TiN

Draw G(x) @ 250°C and 2500°C

1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.



hex-AlN

+hex-AlN

cubic-TiN

1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

cubic-TiN

Liquid

Liquid+hex-AlN

Liquid+c-TiN

- Eutectic

- Some AlN solubility in c-TiN

- No TiN solubility in h-AlN

- No AlN solubility in c-TiN

- No TiN solubility in h-AlN

T = 2500°C

T = 250°C



hex-AlN
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cubic-TiN

cubic-TiN Liquid+hex-AlN

Liquid+c-TiN

1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic

T = 2500°C



cubic-TiN

hex-AlN

+hex-AlN

cubic-TiN

Liquid

Liquid+hex-AlN

Liquid+c-TiN

1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic

small solubility limit → either ΔGB or Ω > 0

virtually no solubility limit → both ΔGB or Ω > 0

→ Ωcubic or ΔGAlN > 0 

→ Ωhex and ΔGTiN > 0

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

T = 2500°C

+hex-AlN

cubic-TiN
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hex-AlN
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Liquid

Liquid+hex-AlN

Liquid+c-TiN

1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|

T = 2500°C



G(x)

AlN content

T = 2500°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or
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5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|
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AlN content

T = 2500°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic

Ωcubic = Ωhex > 0
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G(x)

AlN content

T = 2500°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic
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ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|
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G(x)

AlN content

T = 2500°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|
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AlN content

-TΔSmix,cub=-TΔSmix,hex=-TΔSmix,liq
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G(x)

AlN content

T = 250°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Ghex < Gliquid

AlN:

Ghex < Gcubic < Gliquid

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒍𝒊𝒒

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒍𝒊𝒒

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic



G(x)

AlN content

T = 250°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Ghex < Gliquid

AlN:

Ghex < Gcubic < Gliquid

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒍𝒊𝒒

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒍𝒊𝒒

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙



G(x)

AlN content

T = 250°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0.

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Ghex < Gliquid

AlN:

Ghex < Gcubic < Gliquid

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒍𝒊𝒒

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒍𝒊𝒒

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙

G(x)

AlN content

-TΔSmix,cub=-TΔSmix,hex=-TΔSmix,liq

=ΔGmix,liq

T = 2500 °C

ΔHmix,cub= ΔHmix,hex

ΔGmix,cub=ΔGmix,hex

G(x)

AlN content

-TΔSmix,cub=-TΔSmix,hex=-TΔSmix,liq

=ΔGmix,liq

T = 250 °C

ΔHmix,cub= ΔHmix,hex

ΔGmix,cub=ΔGmix,hex



G(x)

AlN content

T = 250°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Ghex < Gliquid

AlN:

Ghex < Gcubic < Gliquid

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒍𝒊𝒒

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒍𝒊𝒒

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙

G(x)

AlN content

-TΔSmix,cub=-TΔSmix,hex=-TΔSmix,liq

=ΔGmix,liq

T = 250 °C

ΔHmix,cub= ΔHmix,hex

ΔGmix,cub=ΔGmix,hex

T = 2500°C



Vapour phase condensation

substrate

From metal vapour to solid within a fraction of 1 µs

→ Extreme quenching rates (>> 1010 °C/s)!

Ti
Al
N

G(x)

AlN content

T = 250°C

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒍𝒊𝒒

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒍𝒊𝒒

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙

Atoms cannot form two phases

TiN+AlN because of limited mobility

(non-equilibrium processing).

Therfore, only a single (Ti,Al)N 

phase can form.

→ What is the single phase with

lowest energy?

cubic-(Ti,Al)N
hex-

(Ti,Al)N



0

200

400

600

800

1,000

0 0.2 0.4 0.6 0.8 1

T
e
m

p
e

ra
tu

re
 [

°C
]

AlN/(AlN+TiN)

Vapour phase condensation

G(x)

AlN content

T = 250°C

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒍𝒊𝒒

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒍𝒊𝒒

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙

cubic-(Ti,Al)N
hex-

(Ti,Al)N

cubic-(Ti,Al)N
hex-

(Ti,Al)N

Experimental non-equilibrium 

(metastable) TiN-AlN phase diagram

[Spencer, Z. Metallk. 92 (2001) 10]

→ G(x) curves can predict

metastable phase formation!

cubic hex

cubic+hex

From metal vapour to solid within a fraction of 1 µs

→ Extreme quenching rates (>> 1010 °C/s)!



REAL SOLUTIONS

Ω<0 Ω>0 

Ordering Clustering

ΔGmix = ΔHmix – TΔSmix

Think about bonds & configurations

PAB

0

0 PAB,max

Gmix

Hmix

Smix

PAB,random

PAB

0

0 PAB,max

Gmix

HmixSmix

PAB,random

Ti0.5Al0.5N: A real solution



Ti0.5Al0.5N: A real solution

REAL SOLUTIONS

↓Clustering↓

Visualizing atomic composition in 3D:

3D atom probe tomography

PAB

0

0 PAB,max

Gmix

HmixSmix

PAB,random



Ti0.5Al0.5N: A real solution

REAL SOLUTIONS

↓Clustering↓

Visualizing atomic composition in 3D:

3D atom probe tomography

PAB

0

0 PAB,max

Gmix

HmixSmix

PAB,random

Ti/Ti+Al = 0.51

Al/Ti+Al = 0.51



Concepts, key ideas

Strategy for predicting metastable phase formation in 

vapour phase condesation:

1. Derive G(x) curves from the stable phase diagram.

2. For each composition, the single phase with lowest

Gibbs energy forms during vapour phase condensation.

In real solutions, atoms form short-range order to

minimize G:

clustering in case of Ω > 0 or

ordering in case of Ω < 0.

This ordering can be observed!
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Application: (Ti,Al)N coatings

for cutting tools

H increases by Al 

addition! 

But WHY?

Mayrhofer, Rachbauer, Rovere, Schneider, Protective Transition Metal Nitride Coatings

(2012).

solution or

precipitation

hardening?

???

(Ti,Al)N

TiN

Let‘s look at 

G(x) curves!



Annealing of a metastable phase:

How can the Gibbs energy be lowered?

G(x)

AlN content

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙

1. What is the stable state for

Ti0.5Al0.5N?

→ cub-TiN + hex-AlN



Annealing of a metastable phase:

How can the Gibbs energy be lowered?

G(x)

AlN content

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙

as deposited

Ta = 850°C

Ta = 1200°C

EA(de-mixing) = EA(diffusion)
to Baben et al., Materials Research Letters (2016).



Annealing of a metastable phase:

Implications on mechanical properties

Mayrhofer et al., J. Appl. Phys. 100 (2006) 094906.

→Composition variation leads to

variation of lattice parameter.

→Strain field!

L
a
tt

ic
e

p
a
ra

m
e
te

r

Al content in (Ti,Al)N

as deposited

Ta = 850°C

Ta = 1200°C

to Baben et al., Materials Research Letters (2016).

T
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TiN

Annealing of a metastable phase:

Implications on mechanical properties

Mayrhofer et al., J. Appl. Phys. 100 (2006) 094906.

as deposited

Ta = 850°C

Ta = 1200°C

to Baben et al., Materials Research Letters (2016).



Outline

1. Understanding processes&materials based on G(x,T,p)

QUALITATIVE APPLICATION OF MC II

2. Modelling G(x,T,p) based on theory&experiment

QUALITATIVE → QUANTITATIVE

3. Modelling processes&materials based on G(x,T,p)

QUANTITATIVE APPLICATION OF MC II



Strategy:

mechanical mixture

(two powders)

Gtotal = XA GA + XB GB

= XA(HA-TSA) + XB(HB-TSB)

- T∆Smix
+ ∆Hmix

+ ∆Gexcess

ideal solution

randomly mixed

A-A+B-B = 2A-B

real solution

ordering/clustering

A-A+B-B << 2A-B

A-A+B-B >> 2A-B

regular solution

randomly mixed

A-A+B-B ≈ 2A-B



What thermodynamic property describes the 

temperature dependence of the enthalpy?

A) entropy

B) thermal expansion coefficient

C) heat capacity

D) volume



A) entropy

B) thermal expansion coefficient

C) heat capacity

D) volume

What thermodynamic property describes the 

temperature dependence of the enthalpy?

CP = dH/dT

𝐻 𝑇 = 𝐻298𝐾 +න
298𝐾

𝑇

𝐶𝑃𝑑𝑇



What expression describes the temperature 

dependence of the entropy?

A) dS/dT = CP

B) dS/dT = T*CP 

C) dS/dT = CP/T

D) dS/dT = T*ln(CP)



What expression describes the temperature 

dependence of the entropy?

A) dS/dT = CP

B) dS/dT = T*CP 

C) dS/dT = CP/T

D) dS/dT = T*ln(CP)

𝑆 𝑇 = 𝑆298𝐾 +න
298𝐾

𝑇 𝐶𝑃
𝑇
𝑑𝑇



CalPhaD: Modelling G(T)

𝐺 𝑇 = 𝐻 𝑇 − 𝑇𝑆(𝑇)

= 𝐻298𝐾 +න
298𝐾

𝑇

𝐶𝑃𝑑𝑇 − 𝑇 𝑆298𝐾 +න
298𝐾

𝑇 𝐶𝑃
𝑇
𝑑𝑇

What thermodynamic data is needed to model

G(T)?

→ H298K, S298K, CP(T)



CalPhaD: Modelling G(T)

In 1991, the SGTE (Scientific Group 

Thermodata Europe, a large consortium of

groups working on thermodynamic databases), 

agreed on a set of

H298K, S298K, CP(T) 

for the elements in different crystal structures

→ Dinsdale, CALPHAD 15 (1991) 317.



What thermodynamic property describes the pressure 

dependence of the Gibbs energy?

A) entropy

B) thermal expansion coefficient

C) heat capacity

D) volume



What thermodynamic property describes the pressure 

dependence of the Gibbs energy?

A) entropy

B) thermal expansion coefficient

C) heat capacity

D) volume V = dG/dp



CalPhaD: Modelling G(p)

dG/dp = V

What thermodynamic data is needed to model G(p)?

→ molar volume and compressibility or bulk modulus

→ i.e. V(p)



Strategy:

mechanical mixture

(two powders)

Gtotal = XA GA + XB GB

= XA(HA-TSA) + XB(HB-TSB)

- T∆Smix
+ ∆Hmix

+ ∆Gexcess

ideal solution

randomly mixed

A-A+B-B = 2A-B

real solution

ordering/clustering

A-A+B-B << 2A-B

A-A+B-B >> 2A-B

regular solution

randomly mixed

A-A+B-B ≈ 2A-B

✓

✓

✓ ?+RT∑XilnXi
+ΩXAXB



G(x)

AlN content

T = 2500°C
1. Choose the temperature at which you

find more information in the phase

diagram!

2. Order the Gibbs energy of the pure 

components in the different phases.

3. Think about Ω for solid phases (cubic

and hex): Do you expect Ωc/h<0 or

Ωc/h>0? If you cannot judge Ω for one

phase, assume Ωc=Ωh.

4. Do you expect |ΔHmix|| < |TΔSmix| or

|ΔHmix|| > |TΔSmix|?

5. Draw ΔHmix, -TΔSmix and ΔGmix for all 

phases. Assume ΔHmix(liquid)  ≈ 0. 

6. Draw G(x) for the solid phases. 

7. Draw G(x) for the liquid phase, taking

into account position of the eutectic. 

Eventually adjust G(x) for the solid 

phases to match solubility limits.

8. Repeat the steps for the other

temperature.

Draw G(x) @ 250°C and 2500°C

TiN:

Gcubic << Gliquid < Ghex

AlN:

Ghex < Gliquid < Gcubic

Ωcubic = Ωhex > 0

ΔGTiN > ΔGAlN

Low/virtually no solubility → |ΔHmix|| > |TΔSmix|

G(x)

AlN content

-TΔSmix,cub=-TΔSmix,hex=-TΔSmix,liq

=ΔGmix,liq

ΔHmix,cub= ΔHmix,hex

ΔGmix,cub=ΔGmix,hex

𝑮𝑻𝒊𝑵
𝒄𝒖𝒃

𝑮𝑨𝒍𝑵
𝒄𝒖𝒃

𝑮𝑻𝒊𝑵
𝒍𝒊𝒒

𝑮𝑻𝒊𝑵
𝒉𝒆𝒙

𝑮𝑨𝒍𝑵
𝒍𝒊𝒒

𝑮𝑨𝒍𝑵
𝒉𝒆𝒙



What information can be extracted from the 

Al-Cu phase diagram?

A) Ωfcc < Ωbcc

B) Ωfcc > Ωbcc

FCC

BCC



Strategy:

mechanical mixture

(two powders)

Gtotal = XA GA + XB GB

= XA(HA-TSA) + XB(HB-TSB)

- T∆Smix
+ ∆Hmix

+ ∆Gexcess

ideal solution

randomly mixed

A-A+B-B = 2A-B

real solution

ordering/clustering

A-A+B-B << 2A-B

A-A+B-B >> 2A-B

regular solution

randomly mixed

A-A+B-B ≈ 2A-B

✓

✓ ✓
+RT∑XilnXi

+XAXB*Ω

e.g. Redlich-Kister

+ XAXB*Ωv*(XA-XB)v

✓



History of computational thermodynamics

and thermodynamic databases

1957 First ternary phase diagram calculation (Ni-Cr-Cu)

1985: NIST JANAF Thermochemical Tables

1978: Barin, Knacke, Kubaschewski Thermochemical Properties

1991: Dinsdale, SGTE Data for pure elements



Strategy:

mechanical mixture

(two powders)

Gtotal = XA GA + XB GB

= XA(HA-TSA) + XB(HB-TSB)

- T∆Smix
+ ∆Hmix

+ ∆Gexcess

ideal solution

randomly mixed

A-A+B-B = 2A-B

real solution

ordering/clustering

A-A+B-B << 2A-B

A-A+B-B >> 2A-B

regular solution

randomly mixed

A-A+B-B ≈ 2A-B

✓

✓ ✓
+RT∑XilnXi

+XAXB*Ω

e.g. Redlich-Kister

+ XAXB*Ωv*(XA-XB)v

✓



History of computational thermodynamics

and thermodynamic databases

1957 First ternary phase diagram calculation (Ni-Cr-Cu)

1985: NIST JANAF Thermochemical Tables

1978: Barin, Knacke, Kubaschewski Thermochemical Properties

1991: Dinsdale, SGTE Data for pure elements

1980s-1990s: Founding of several companies 

specializing in computational thermodynamics 

1990s-2000s: growth 

of solution databases

Today: SGTE Solution database contains 79 elements, 

317 solution phases, 1166 stoichiometric phases



History of computational thermodynamics

and thermodynamic databases

DsMtHsBhSgDbRfAcRaFr

RnAtPoBiPbTlHgAuPtIrOsReWTaHfLaBaCs

XeITeSbScInCdAgPdRhRuTcMoNbZrYSrRb

KrBrSeAsGeGaZnCuNiCoFeMnCrVTiScCaK

ArClSPSiAlMgNa

NeFONCBBeLi

HeH

Today: SGTE Solution database contains 79 elements, 

317 solution phases, 1166 stoichiometric phases

Allows description of 

577 binary systems, 

141 ternary systems,

15 higher order systems

~70 non-radioctive, non-noble gas elements

→ 70*69/2 = 2415 binary systems

→ 70*69*68/6 = 54740 ternary systems



Materials Genome Initiative (MGI)

launched in 2011

https://www.mgi.gov/sites/default/files/documents/mgi_strategic_plan_-_dec_2014.pdf

https://www.mgi.gov/sites/default/files/documents/mgi_strategic_plan_-_dec_2014.pdf


Materials Genome Initiative (MGI)

launched in 2011

https://www.mgi.gov/sites/default/files/documents/mgi_strategic_plan_-_dec_2014.pdf

= MC II

= you!

= www.materialsproject.org, www.oqmd.org,

www.aflowlib.org, www.nomad-coe.eu…

https://www.mgi.gov/sites/default/files/documents/mgi_strategic_plan_-_dec_2014.pdf
http://www.materialsproject.org/
http://www.oqmd.org/
http://www.aflowlib.org/
http://www.nomad-coe.eu/


https://materialsproject.org/

https://materialsproject.org/


https://materialsproject.org/rest/v2/materials/formulas

https://materialsproject.org/rest/v2/materials/formulas


History of computational thermodynamics

and thermodynamic databases

DsMtHsBhSgDbRfAcRaFr

RnAtPoBiPbTlHgAuPtIrOsReWTaHfLaBaCs

XeITeSbScInCdAgPdRhRuTcMoNbZrYSrRb

KrBrSeAsGeGaZnCuNiCoFeMnCrVTiScCaK

ArClSPSiAlMgNa

NeFONCBBeLi

HeH

Today: SGTE Solution database contains 79 elements, 

317 solution phases, 1166 stoichiometric phases

Allows description of 

577 binary systems, 

141 ternary systems,

15 higher order systems

~70 non-radioctive, non-noble gas elements

→ 70*69 = 4830 binary systems

→ 70*69*68 = 328440 ternary systems

G(T,Xi)



https://materialsproject.org/rest/v2/materials/formulas

G(0 K)

https://materialsproject.org/rest/v2/materials/formulas


G(0 K)

http://oqmd.org/

563247

http://oqmd.org/


G(0 K)

http://oqmd.org/

Gtotal = XA GA(0 K) + XB GB(0 K)

- T∆Smix
+ ∆Hmix + ∆Gexcess

http://oqmd.org/


G(0 K)

http://aflowlib.org/

2.118.033

http://aflowlib.org/


https://www.nomad-coe.eu/

https://www.nomad-coe.eu/


Application: (Ti,Al)N coatings

for cutting tools

You are interested to learn something about thermodynamics of your

material system during BSc/MSc/PhD thesis / at work: What do you do?

CHECK PHASE DIAGRAMS/MATERIALS DATA E.G. AT 

www.springermaterials.com www.factsage.com

www.materialsproject.org www.oqmd.org

www.aflowlib.org www.nomad-coe.eu

…

http://www.springermaterials.com/
http://www.factsage.com/
http://www.materialsproject.org/
http://www.oqmd.org/
http://www.aflowlib.org/
http://www.nomad-coe.eu/


History of computational thermodynamics

and thermodynamic databases

1957 First ternary phase diagram calculation (Ni-Cr-Cu)

1985: NIST JANAF Thermochemical Tables

1978: Barin, Knacke, Kubaschewski Thermochemical Properties

1991: Dinsdale, SGTE Data for pure elements

1980s-1990s: Founding of several companies 

specializing in computational thermodynamics 1990s-2000s: growth 

of solution databases

Today: SGTE Solution database contains 79 elements, 

317 solution phases, 1166 stoichiometric phases

Debate on phase stability of compounds based on experimental and ab initio methods

10/2017: first purely ab initio based thermodynamic database



Vision: Map of Chemical Space

DsMtHsBhSgDbRfAcRaFr

RnAtPoBiPbTlHgAuPtIrOsReWTaHfLaBaCs

XeITeSbScInCdAgPdRhRuTcMoNbZrYSrRb

KrBrSeAsGeGaZnCuNiCoFeMnCrVTiScCaK

ArClSPSiAlMgNa

NeFONCBBeLi

HeH

EsCfBkCmAmPuNpUPaThAc

HoDyTbGdEuSmPmNdPrCeLa

MdFm

TmEr

LrNo

LuYb

Image from NASA (Hubble telescope)



Vision: Map of Chemical Space

DsMtHsBhSgDbRfAcRaFr

RnAtPoBiPbTlHgAuPtIrOsReWTaHfLaBaCs

XeITeSbScInCdAgPdRhRuTcMoNbZrYSrRb

KrBrSeAsGeGaZnCuNiCoFeMnCrVTiScCaK

ArClSPSiAlMgNa

NeFONCBBeLi

HeH

EsCfBkCmAmPuNpUPaThAc

HoDyTbGdEuSmPmNdPrCeLa

MdFm

TmEr

LrNo

LuYb

Image from NASA (Hubble telescope)
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⋮
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𝐺
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𝑉
𝐶𝑝
⋮

𝑃
𝑋
𝑌
𝑍

= ⨀/⨂



Vision: Map of Chemical Space

How do you navigate?

DsMtHsBhSgDbRfAcRaFr

RnAtPoBiPbTlHgAuPtIrOsReWTaHfLaBaCs

XeITeSbScInCdAgPdRhRuTcMoNbZrYSrRb

KrBrSeAsGeGaZnCuNiCoFeMnCrVTiScCaK

ArClSPSiAlMgNa

NeFONCBBeLi

HeH

EsCfBkCmAmPuNpUPaThAc

HoDyTbGdEuSmPmNdPrCeLa

MdFm

TmEr

LrNo

LuYb

Image from NASA (Hubble telescope)

𝑃

𝑋𝐻
𝑋𝐻𝑒
𝑋𝐿𝑖
⋮

𝑋𝐷𝑠
𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

=

𝐺
𝐵
𝑉
𝐶𝑝
⋮

𝑃
𝑋
𝑌
𝑍

= ⨀/⨂



SIMULATION

Image from NASA (Hubble telescope)

Vision: Map of Chemical Space

→ MATERIALS INFORMATICS



Thank you for your attention!


