
The Effects of Deep Cryogenic Treatment on

PVD – TiN coated AISI M2 high speed steel

Name: Christian Chiadikobia

Supervisors: Prof. Rob Thorntona,b, Dr Dave Westona, Dr Dimitrios Statharasa

aSchool of Engineering, University of Leicester; bWarwick Manufacturing Group (WMG), The University of Warwick



• Background 

• Motivation

• PhD Approach

• Experimental workflow

• Results

• Next step

• Conclusion 

• References and Acknowledgement 

Outline



• How we understand it

Background 

• 193 to 113 K (-80 to -160°C) 

• 113 to 77 K (-160 to -196°C)

• 213K to 193K (-60 to -80°C)

• CT practice

Industry: Restricted parameters, one cycle, varying 
practice – LN2 or N2, large batches

Research: Entire process, small quantities, N2 cooling 
medium 



CT Applications (Not limited to)

• Manufacturing – Cutting tools

• Automobile - Brake Discs, Gears

• Medical - knives

Background 

Some applications CT materials – coated   



Motivation 

AISI D2: Max Hardness (-80 to -110 °C) [1]

AISI D2 -80 63.4 HRC Reference [1] 

AISI D2 -196°C 63.7 HRC Reference [2] 



Motivation 

AISI M2: (-196 °C) [3]

AISI M2: (-196 °C) [4]
(-196 °C/24 h) [6]

AISI M2 (-184 °C) [5]



Approach 



Experimental workflow

Result

Coating set up/ process [Ref 8]
CT set up /technology [9]



Results – Bulk structure 

SEM Micrograph : Q+T+Coat – Coating surface  SEM Micrograph : Q+T+Coat+DCT – Coating surface  



Coating cross section

• Thickness - mean 2.33 (±0.01) µm, 
underlayer appro. 298 (±0.03) nm

SEM micrograph: Q+T+Coat – Cross section 
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SEM micrograph: Q+T+Coat+DCT – Cross section 
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Coating cross section

a) Line scan on cross section: Q+T+Coat

Surface roughness of the system and standard deviation 

b) Line scan on cross section: Q+T+Coat+DCT



Scratch tracks 

Fig. 6a Split up image from optical profiling microscope showing the scratch 

tracks to complete substrate exposure (for Q+T+Coat sample). SEM 

micrograph showing the Lc positions and cracks observed: (6b) Lc1 – 16.44 N 

(6c) Lc2 – 47.47 N (6d) Lc3 – 55.82 N (substrate exposure)

Q+T+Coat
Q+T+Coat+DCT

Fig. 6e Split up image from optical profiling microscope showing start of 

scratch tracks to the substrate exposure (for Q+T+Coat+DCT sample). SEM 

micrograph showing the Lc positions and cracks observed: (6f) Lc1 – 19.47 N 

(6g) Lc2 – 49.32 N (6h) Lc3 – 57.84 N (substrate exposure)

6a 6e



Lc positions

• Chevron cracks – either side of scratch 
centre line as well as cracks

• High Lc – irregular pattern cracks – fit 
into track and open away, perpendicular 
to the direction of the scratch.

Q+T+Coat

Q+T+Coat+DCT

Chevron, transverse and tensile cracks

Table: 1 Results of scratch test and standard 

deviation

• Denser and extensive

• Modulus and hardness



Modulus Measurement



Hardness Measurement



Summary table of mechanical properties

Table: 2 Summary table of the measured mechanical properties of the system and 

standard deviation 

Table: 3 T-statistics for the measured values

• Elastic modulus  - Lc 1 and Lc 2 

• Hardness - Lc 3

• 3.62%



Diffraction pattern 

• Q+T+Coat & Q+T+Coat+DCT exhibit similar pattern -
Preferred orientation (111)

• TiN films: reflections corresponding to (111), (200), (220) 
and (311) was found at 36.51°, 42.57°, 61.37° and 72.26°
respectively

• Substrate: reflections corresponding to (110), (200) and 
(211) assigned to 44.25°, 64.37° and 81.62° respectively



W-H: Crystallite size and strain

Where: 𝛽𝑇= 𝛽𝐷 + 𝛽𝜀; and 𝛽𝐷 =
𝑘λ

𝐿 𝑐𝑜𝑠 𝜃
; 𝛽𝜀 = 4𝜀 𝑡𝑎𝑛 𝜃; 𝐿 =

𝑘λ

𝛽𝐷 𝑐𝑜𝑠 𝜃

𝜷𝑻 𝒄𝒐𝒔 𝜽 = 𝜺 𝟒 𝒔𝒊𝒏 𝜽 +
𝑲𝛌

𝑳

𝛽𝑇: Total broadening of the peak (combine effect of broadening due to the crystallite size (𝛽𝐷) and

broadening due to strain (𝛽𝜀));

L: Average crystallite size;

K: shape factor (constant 0.9)

𝛽𝐷: full width at half maximum (FWHM) broadening of peak (radians);

θ: peak positions (radians).

λ: 0.15406 nm (x-ray source); ε: strain

𝒀 = 𝒎𝒙 + 𝒄

Y = 𝛽𝑇 𝑐𝑜𝑠 𝜃; m = 𝜀; 𝒙 = 4 sin 𝜃; c = 
𝐾λ

𝐿



Q+T+Coat Q+T+Coat+DCT

W-H: Crystallite size and strain 

Plot of βt cos θ against 4 sin θ for Q+T+Coat Plot of βt cos θ against 4 sin θ for Q+T+Coat+DCT
36.78 (±8.76) nm and strain of 0.00377 (±0.00634) % 71.74 (±1.76) nm and strain of 0.00194 (±0.00908) % 

• Constant, more scatter away from the fit
• Constant, less scatter away from fit

• 71.47 (±1.76) nm, while strain decreased to 0.00194 
(±0.00908) (0.49% reduction)

𝛽𝑇 𝑐𝑜𝑠 𝜃 = 𝜀 4 𝑠𝑖𝑛 𝜃 +
𝐾λ

𝐿

Williamson hall equation 



Coating Morphology

Cross section of Q+T+Coat via TEM - 80 000 mag Cross section of Q+T+Coat+DCT via TEM - 80 000 mag

TiN TiN

M2 HSS

1- Open fibrous like 
arrangement 
T-fine grained, densely 

packed fibrous grains
2-fairly dense

columnar grains 
3-large recrystallised 

equiaxed grains

TiN, T=200°C
Tm=2930°C
T/Tm= 0.07

Structure zone Model 8]

M2 HSS



• Improvement  - 3.62% 

• Combination of Elastic modulus and hardness

• Elastic modulus  - Lc 1 and Lc 2 

• Hardness - Lc 3

Conclusions
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