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Abstract — The effects of the various process parameters (tempering temperature before nitriding, nitriding temperature, nitriding 
time and rate of ammonia decomposition) on the depth and Micro-hardness of H13 steel with Nano-sized grain nitride layer were 
analyzed and compared comprehensively through orthogonal experimental design. The optimized nitriding process was 
determined and compared with the original process before optimization. Results showed that nitriding temperature was the most 
obvious factor for the hardness of nitride layer, and with the increase of nitriding temperature, the surface hardness increased 
first, then decreased. The rate of ammonia decomposition was the most obvious factor for the depth of nitride layer, and with the 
increased rate of ammonia decomposition, the depth of nitrided layer decreased, then increased. The optimized nitriding process 
was obtained as follows: The tempering temperature before nitriding was 560ºC, nitriding temperature was 550ºC, nitriding time 
was 9h and rate of ammonia decomposition was 50%. Compared with untreated H13, the nitride layer of the optimization process 
had a higher hardness and a larger depth. 
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I. INTRODUCTION 

Since the working temperature of the warm extrusion 
forming process is lower than the hot extrusion process, lead 
to material deformation resistance increases, and speed up 
the mould wear and tear; and the die in a state of high 
temperature for a long time also make the mold surface 
performance degradation. These two reasons made the warm 
extrusion forming die life short, these defects restricted the 
application of the warm extrusion forming process. In order 
to solve the problem, we applied the metal surface Nano 
technology and vacuum nitriding treatment technology on 
H13, in order to obtain the performance more excellent mold 
material, and by using the method of orthogonal experiment 
to optimize the process parameters. 

II. MATERIALS AND METHODOLOGY 

H13 steel is a kind of typical hot-work die steel, and has 
excellent heat intensity, abrasion resistance and thermal 
fatigue properties, is suitable for producing all kinds of hot-
work die. Using the H13 instead of the 5CrNiMo, 5CrMnMo 
manufacturing forging die, the service life of mould has 
obvious improvement. However, after the traditional heat 
treatment process, the surface hardness can reach 45-49 HRC, 
under the environment of high temperature, wear resistance 
of die can't satisfy the requirement of practical production 
[1.2.3.4]. The use of H13 hot-work die in the process of 
using one of the most common failure mode is the wear and 
tear.  

With the development of Nanometer technology, we can 
use a variety of means to make metal on the surface of 

the grain size is reduced to the Nano-size. Shot blast is one 
of the method of cold work on the surface of a metal material, 
through shot blast artifacts, can realize the surface cleaning, 
finish machining, mechanical reinforcement and other 

functions [5.6.7]. Shot peening processing of mould surface 
plastic deformation, the grain can be refined to Nano-size, 
surface dislocation density increases, increase the lattice 
distortion, surface residual stress of components, can 
improve the fatigue properties of materials. The surface of 
the material with Nano structure also has the following 
characteristics: firstly, Nano-size grain group with no 
obvious interface between the matrix organization, and 
because local Nano degree is different, lead to Nano layer 
shades, so that it won't happen peeling and separation 
phenomenon; Secondly, the overall surface Nano technology 
can be applied to materials, also can be applied to the local; 
Thirdly, the surface of Nano materials, grain refinement 
urged permeability of nitriding has obvious tooling. 

Nitriding treatment technology as a kind of surface 
diffusion process development has been more than 80 years 
of history, gas nitriding and ion nitriding are widely used in 
common. Ion nitriding technology in comparison with gas 
nitriding are fast nitriding, nitride layer organization is easy 
to control, brittle small, and no environmental pollution, the 
advantages of saving energy, using the principle of glow 
discharge nitriding. The artifacts in a low vacuum furnace in 
filled with nitrogen gas, metal artifacts as cathode, furnace as 
anode, after electrify medium nitrogen hydrogen atoms in the 
high voltage direct current field ionization, between cathode 
and anode very in the formation of plasma. Under the effect 
of plasma strong electric field, the nitrogen and hydrogen 
ions to the surface at high speed bombardment [8.9.10]. Ion 
of high kinetic energy is converted to heat, as a result of the 
ion bombardment, the surface sputtering atom, purified and 
therefore, at the same time due to the adsorption and 
diffusion, nitrogen into the surface, form a uniform nitride 
layer, so as to improve the properties of the surface. 

Through the analysis of the experimental samples, we 
can conclude that with Nano-sized grain structure 
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experimental samples with the ordinary experimental 
samples, under the condition of same nitriding treatment, the 
nitride layer is distinct. The main factors influencing the 
nitriding including: tempering temperature before nitriding, 
nitriding temperature , nitriding time and rate of ammonia 
decomposition. Influence nitride layer hardness and thick of 
carburized layer is the most significant nitriding temperature 
and ammonia decomposition rate, with the increase of 
nitriding temperature and nitride layer surface hardness first 
increases then decreased, with the increase of ammonia 
decomposition rate, depth of nitride layer increase with the 
decrease of the first. For the treated surface Nano 
experimental samples, we adopt orthogonal experimental 
method is analyzed, obtained after Nanoparticlization H13 
nitriding process. 

Will through blasting processing quenching state of H13 
steel with thread cutting into multiple sets of sample, 
tempering in the box type resistance furnace, then put the 
sample into the gas nitriding furnace. In all three groups, 
each group of three samples. After vacuum to 0.05 MPa to 
exhaust ventilation with ammonia. Nitriding using ladder to 
heat up, first heated to 350 ºC, then heat up to 500 ºC, 1 h per 
time heat preservation, heat after nitriding treatment 
temperature nitriding treatment, medium of nitriding for 
ammonia. Will influence factors mentioned above 
respectively named before tempering temperature 
nitriding(A), nitriding temperature(B), the nitriding time (C) 
and ammonia decomposition rate(D). Comprehensive 
consideration of various factors affecting the quality of 
nitriding, build orthogonal experiment scheme in Table I 
[11.12.13]. 

TABLE I DESIGN OF ORTHOGONAL TEST FOR GAS NITRIDING 
EXPERIMENT. 

Number

Tempering 
temperature 

before 
nitriding(A)/ºC 

Nitriding 
temperature 

(B)/ ºC 

Nitriding 
time 
(C)/h 

Rate of ammonia 
decomposition(D)/%

1 460 500 6 50 

2 460 550 9 30 

3 460 600 12 40 

4 560 500 9 40 

5 560 550 12 50 

6 560 600 6 30 

7 660 500 12 30 

8 660 550 9 40 

9 660 600 6 50 

 

Orthogonal experiment to evaluate the influence of 
various process parameters on the hardness, orthogonal test 
is commonly used in the error sum of squares of S or poor R 
as evaluation indexes. The greater the gap between the 
various data, explain the factor to various levels six to one, 
the impact on the indicators, the opposite; Therefore the 
greater the R and S, indicates that the factor's influence on 
the test index, the greater the more important factors. 

After nitriding, for each sample polishing, corrosion and 
picric acid alcohol solution. Metallographic method is used 
to determine the depth of the nitrided case, each sample test 

5 position, the average; Using micro hardness tester for each 
sample choose 7 different position Micro-hardness test 
sample. 

III. RESULTS 

It can be seen from Table II, each factor R and S are 
consistent, from big to small order for B, C, A, D. So you 
can by adjusting the nitriding temperature and nitriding time 
to effectively control the hardness of nitrided case. Ki for I 
level the average of the corresponding test index, the greater 
the Ki show that the process parameters, the better, therefore, 
the biggest Ki in each factor, the corresponding level for the 
best level. 

 

 

Figure 1. The Micro-hardness of the nitride layer in different nitriding 
processes. 

TABLE II ORTHOGONAL ANALYSIS OF AVERAGE MICRO-HARDNESS OF 
THE NITRIDE LAYER. 

Indicators
Tempering 

temperature before 
nitriding (A)/°C 

Nitriding 
temperature 

(B)/ °C 

Nitriding 
time 
(C)/h 

Rate of 
ammonia 

decomposition
(D)/% 

K1 1185 1230 1180 1185 

K2 1213 1280 1294 1200 

K3 1188 1170 1240 1210 

R 43 92 72 32 

S 1736 9945 6890 708 

 

Figure 1 shows that with tempering before nitriding 
temperature and nitriding temperature increases, the nitride 
layer surface hardness first increases then decreases; as the 
extension of nitriding time and ammonia decomposition rate 
increases, the surface of the nitride layer hardness increase 
with the decrease of the first. 

Figure 2 shows that with tempering before nitriding 
temperature and nitriding temperature increases, the nitride 
layer surface hardness first increases then decreases; As the 
extension of nitriding time and ammonia decomposition rate 
increases, the surface of the nitride layer hardness increase 
with the decrease of the first. 
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(a) 

 
(b) 

 
(c)  

 
(d) 

Figure 2. Effects of four technical parameters on the surface hardness of 
nitride layer. 

The depth of the nitrided case directly affect the wear-
resisting performance of the nitride layer, nitride layer is an 
important measure of quality. The Figure 3 shows that 
treated with shot sample, under the condition of different 

process parameters, the nitride layer depth difference. An 
average depth of nitride layer is generally between 180-
240μm, the individual group of nitride layer can reach 350-
440μm. 

    

 
Figure 3. The depth of nitride layer in different nitriding processes. 

 

 
(a) 

 
(b) 

Figure 4. Continues on the next page. 
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(c) 

  

 
(d) 

 
Figure 4. Effects of four technical parameters on the depth of nitride layer. 

 

According to the same as the surface hardness of the 
orthogonal experiment analysis, it is concluded that the depth 
of nitride layer and optimizing the process parameters of 
primary and secondary order combination. The table shows 
that tell from the poor, ammonia decomposition rate is the 
most important influence on the depth of nitride layer, 
followed by tempering before nitriding temperature and 
nitriding time basic same, minimal impact nitriding 
temperature; From poor sum of squares, nitriding before 
tempering temperature on the depth of nitride layer is greater 
than the influence of nitriding time. Comprehensive 
evaluation index, two factors affecting hardness of the nitride 
layer by the Lord to the time in the order: ammonia 
decomposition rate and tempering before nitriding 
temperature and nitriding time, nitriding temperatures. 

The figure shows that as the tempering temperature 
before nitriding and nitriding temperature increases and the 
extension of nitriding time, the depth of nitride layer 

increased. When nitriding at a certain temperature , the rate 
of ammonia decomposition determines the nitrogen potential 
in the furnace, with the increase of ammonia decomposition 
rate, depth of nitride layer increase with the decrease of the 
first. 

TABLE III . ORTHOGONAL ANALYSIS OF AVERAGE DEPTH OF DEPTH LAYER. 

Indicators

Tempering 
temperature 

before 
nitriding (A)/ 

°C 

Nitriding 
temperature 

(B)/ °C 

Nitriding 
time (C)/h 

Rate of ammonia 
decomposition(D)/%

K1 103 132 105 195 

K2 158 156 154 133 

K3 175 178 176 119 

R 67 59 73 88 

S 6907 4578 6704 13143 

 
Nitride layer surface is mainly composed of ε- Fe3N, γ'- 

Fe4N and α-Fe phase composition. It has a great effect on 
process parameters on the phase structure. Among them, the 
preparation of nitride layer 1,2,4,8 phase structure similar to 
that of process preparation of nitride layer 3, 5, 6, 7, 9 phase 
structure is similar. 

TABLE IV . MASS FRACTIONS OF PHASES IN THE NITRIDE LAYERS 
PREPARED IN DIFFERENT NITRIDING PROCESSES. 

Number ε phase(Fe3N)% γ’ phase(Fe4N)% α-Fe phase  %
1 1.2 0.6 98.2 

2 3.1 0.7 96.2 

3 29.5 50.4 20.1 

4 1.5 1.4 97.1 

5 24.0 34.2 41.8 

6 0.3 29.8 69.9 

7 68.6 15.7 15.7 

8 20.5 5.4 74.1 

9 51.1 32.7 16.2 

 
We can see from the Table 4, the process of the 

preparation of 1,2,4,6 nitride layer surface ε phase content is 
less, the preparation craft 1,2,4,8 γ' content is less. Nitrides 
content analysis of the process parameters are found and 
fewer process focused on the four parameters of middle and 
lower levels, especially the nitriding time, and the parameters 
in high level, more nitrogen content. The reason is that the 
process parameters in lower level, the formation of nitriding 
compound thin, less than the penetration depth of X-ray, 
reflect the phase composition of diffusion layer. For the 
experimental group nitrides content more, with the increase 
of nitriding temperature and ammonia decomposition rate of 
increase, ε phase decrease, γ 'phase increases. This is because 
the nitrogen atoms combine with temperature rise, when it’s 
spread, the rate ammonia decomposition increased at the 
same time, and it react on nitrogen atoms. Both of them 
reduce nitrogen ε phase, which is easy to produce γ' phase. 
The γ' phase is face-centered cubic structure, and ε phase has 
the six-party structure. Therefore, the toughness of γ' is better 
than ε, and the hardness is lower than ε phase. Which 
produce the phenomenon that the surface of the group 9 
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hardness is greater than group 7. This is also consistent with 
the hardness test results. 

Test of nitride layer thickness and hardness of the two 
indexes and the changing rule of the process parameters and 
amplitude, which can draw after blasting process of the 
optimization of gas nitriding process parameters for H13 
steel: tempering temperature is 560 ºC before nitriding, 
nitriding temperature is 550 ºC, nitriding time of 12 h, 
ammonia decomposition rate was 50%. The optimization 
process is 5. Under the condition of the process of 5, nitride 
layer in the vein with a small group. The group that is 
parallel to the surface in the diffusion layer and white 
corrugated nitrides, generally considered the alloy elements 
in the austenite grain boundary of gather and diffusion of 
nitrogen atom. Studies show that nitrogen in the short time 
nitride layer along the austenite grain boundary suitable 
granular distribution, nitriding temperature and nitriding time 
extended, nitriding concentration increased, easy to form the 
organization, energy spectrum analysis of the organization 
exists in the segregation of alloying elements, such as 
chromium, molybdenum and vanadium alloy elements such 
as partial gathered near the grain boundary, the main reason 
is that the atomic arrangement is irregular, grain boundary 
interface can be higher. Nitride layer in the organization that 
organization is inevitable, a small amount of existence will 
not impact on the performance of the material, but when the 
organization seriously, it will reduce the nitride layer of 
abrasion resistance, fatigue resistance and toughness. After 
dealing with the blasting of H13 steel, grain refinement to 
the Nano-scale, through optimizing the nitriding process, can 
effectively avoid the effect of the vein group on the 
properties of ceramic materials. 

Take the sample without surface Nano materials (a) and 
treated sample (b) to make process scheme, orthogonal test is 
used to determine the nitriding process. Grinding and 
polishing the two test pieces of the end face, and using the 
picric acid alcohol solution for corrosion, using the optical 
microscope observation on it. Get the Figure 5. We can find 
from the figure, compared with a, the nitride layer of b is 
deeper and more dense. The nitride layer compared with a, b 
has the thicker compound layer. 

XRD analysis was carried out on the two kinds of 
experimental samples, analyzed two kinds of nitride layer on 
the components of the difference. Figure 6 shows the 
difference of two kinds of experimental samples in groups, 
we can see: not through blasting processing test pieces, Fe3N 
was lower than that treated with blasting experiment samples. 
Fe3N belongs to the energetic compounds, iron has high 
hardness, the increasing of the nitride layer hardness mainly 
rely on the iron compounds. So we can determine that the 
quality of the treated group nitride layer is better. 

IV. CONCLUSION  

The orthogonal experiment results show that the effect 
after Nanoparticlization treatment of H13 nitriding process 
factors, influence of nitride layer hardness and thick of 
nitride layer are the most significant nitriding temperature 
and rate of ammonia decomposition. With the temperature 
increasing of nitriding, nitride layer of surface hardness 

increases after the first decreases, with the increase of 
ammonia decomposition rate, depth of nitriding layer 
increase with the decrease of the first. 

 

 
Figure 5. The thickness of the nitride layer of untreated and treated sample. 

 
After Nanoparticlization of H13 steel for optimizing 

nitriding process: tempering temperature before nitriding 560
ºC, nitriding temperature 550ºC and nitriding time 9h, 
ammonia decomposition rate 50%. 

 

 
Figure 6. The surface XRD analysis of the samples 
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Figure 7. The relationship of the Micro-hardness and the distance from the 

surface. 
 

After nitriding process, the nitride layer is mainly 
composed of ε, γ’ and α-Fe phase, the nitride layer is dense, 
and nitriding treatment improve the surface properties of the 
material.Compared with the traditional process of H13,the 
optimized process parameters of the nitride treatment can 
make the material achieve thicker nitride layer and harder 
surface, and prolong the service life of the mould. 

To test the Micro-hardness of the surface of the samples, 
we got the Figure 7. Figure 7 shows the relationship between 
the Micro-hardness of the surface and the distance from the 
surface. We can find that, the hardness of the treated sample 
is higher than the untreated sample. The thickness of the 
nitride layer of the treated sample is deeper than the 
untreated sample. Optimization of the process used in the 
experiment, make the sample produce a deeper nitride layer 
than the untreated sample. The optimization of the process 
can improve the efficiency of nitriding and the quality of the 
nitride layer. 

This paper content has no conflict of interest. 
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